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Preface 


The amplification of weak signals into stronger signals is of fundamental 
importance in almost any electronic system. Sometimes this is obvious, 
as in a radio receiver, where the objective is to select and amplify the weak 
signal from the antenna and to present the detected signal via a loud- 
speaker. Sometimes the need for amplification is more subtle, as in an 
electronic computer where no “circuit” labeled “amplifier” usually exists. 
Even here amplification is present and important; it may occur in each 
logic element or in only a few, but gain is necessary to ensure that the sig- 
nal information is not lost in noise. 

Because of the importance of amplifiers in the electronic art, we have 
tried to produce a work which will be of use to both students and engineers 
who have a need for a second look at amplifier theory from a more advanced 
point of view. We do not cover all types of amplifiers in complete or even 
partial detail. Rather, we review the fundamental principles underlying 
amplifier design and show several methods of design and synthesis which 
have proved useful in the past. Hence, we do not teach “all about ampli- 
fiers’ but, rather, show some applicable modern methods and help the 
student extend these for himself. 

The first part of the book is a review of the active elements—vacuum 
tubes and transistors—and their use in simple situations. Because one of 
the more valuable benefits of such discussion is appreciation of the relative 
merits and limitations of the two devices, they are considered together— 
e.g., the discussion of high-frequency cutoff includes both tube and tran- 
sistor equivalent circuits, to show what elements in each are important in 
determining the high-frequency behavior as well as useful approximations 
to the complete equivalent circuits. Such approximations are particularly 
important in that with a simpler circuit the student can think more clearly 
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about the logic and validity of what he is doing and at the same time de- 
velop maturity in approximating to an extent justified by the required 
accuracy of his result. 

The number of equivalent circuits for transistors is kept to a minimum, 
and an effort is made to feature those which have the most physical mean- 
ing. It is felt that there are a sufficient number of transistor texts which 
cover multitudes of equivalent circuits exhaustively. Also, no attempt is 
made to cover thoroughly either vacuum-tube or transistor internal elec- 
tronics, although some physical reasoning is used to show the reasonable- 
ness of an equivalent circuit. 

The second major part of the book deals with the problems of making 
“fast” lowpass amplifiers, e.g., video amplifiers. In this section, the funda- 
mental limitations governing the attainment of high-speed high-gain am- 
plifiers are discussed. Since the majority of such amplifiers amplify tran- 
sient signals, the bulk of the discussion concerns transient response. The 
effect of multiple stages on rise time and sag, the relations between band- 
width and rise time, etc., are discussed in both a theoretical and a practical 
manner. The introduction to the distributed amplifier is sufficient to en- 
able one to understand the operation and limitations of such amplifiers. 

The third major section, covering bandpass amplification, includes the 
analysis and synthesis of wideband amplifiers from the pole-zero viewpoint, 
and various analogies to gain functions. Although particular stress is laid 
upon the wideband situation, the results are generally applicable to narrow 
bands since the situation is actually simpler in the latter case. 

Chapter 13 on Noise in Amplifier Circuits is intended to furnish the 
student with a reasonable physical picture of the sources of amplifier noise 
and especially to give him some useful equivalent circuits for the calculation 
of amplifier noise. These circuits are used to calculate the noise factor of 
amplifier input circuits and multistage amplifiers. An example of optimiza- 
tion of an input circuit is also given. 

The final major section, on amplifier measurements, is included to clear 
up some of the problems common to amplifier design and to the necessary 
testing of the resulting amplifier. Very high-gain amplifiers, in particular, 
have some special problems which make accurate testing impossible if the 
proper precautions are not observed. Some methods of measuring the 
parameters of the common active and passive elements are also discussed, 
since these measurements are often difficult at the frequencies or signal 
levels that must be employed. 

Consideration must be given by the instructor who will use this book as 
a classroom text to two possible aspects which can be emphasized in vary- 
ing degree. The one, which is also the aspect likely to be most useful to 
the practicing engineer, is that of a presentation of the present ‘‘state of 
the art.” Thus the book does provide substantial coverage of useful, high- 
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performance amplifier designs, which represent the best that one can do 
with presently available tubes and transistors. 

On the other hand, knowledge of the state of the art is a perishable com- 
modity and indeed is being challenged as a proper ingredient in a curriculum 
for engineers who are to solve problems in the distant future more than in 
the immediate future. Such a goal is better met by providing a good 
foundation in mathematics and physics, together with experience in the 
methodology of applying these sciences to engineering problems. While 
this book does not cover the science, it does contain the methodology. It 
includes a record of the successful application of advanced knowledge of 
the physical behavior of electron devices (tubes and transistors) and of 
the mathematics of complex variables and transform theory. The authors 
of the journal papers referred to in the footnotes are the engineers who have 
successfully applied the theory since 1940 or 1950 and who thus are the 
exemplars for the young engineers now in training. The journal papers 
are milestones along an unending road. Their authors possessed the 
superior mathematical ability and the physical understanding, and it is 
instructive to study the manner of application. 

Nevertheless it is important in studying the application to notice that 
it is possible—and indeed an engineering necessity—to carry the applica- 
tion of sophisticated concepts and mathematical analysis far enough so 
that design formulas, charts, etc., are provided which do not require 
sophisticated knowledge but rather can be employed by the larger number 
of design engineers possessing more modest training. The results of this 
complete application process can be found throughout the book. 

In short, the subject matter of the book can be studied for the useful, 
practical design data, or instead the book may be regarded as a collection 
of examples of the engineering method whereby mathematics and physics 
have been applied to the solution of new and difficult problems. 


Joseph Mayo Pettit 
Malcolm Myers McWhorter 
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1 
Basic Amplifier Definitions 


j-1 Amplifier Gain. An amplifier is designed for the purpose of 
increasing the level of voltage, current, or power. The amount of this in- 
crease is known as the gain of the amplifier. The method of specifying 
gain quantitatively is important and should be keyed to the intended 
application of the amplifier. For example, in an oscilloscope amplifier 
voltage gain is important because both the input and output are at a high 
impedance level. On the other hand a telephone repeater amplifier has a 
limited available input power and must supply power to a specified line 
impedance. Consequently a gain expressed as a ratio of available input 
power to output power is appropriate. Four commonly used ways of 
specifying gain are illustrated in Fig. 1-1. Although the first three examples 
are given in terms of power, the gain may also be given in terms of voltage 
or current; e.g., insertion voltage gain = V2/V{. The “‘actual’’ power gain 
of an amplifier (= P2/P,) involves certain ambiguities and is not in com- 
mon use. 

1-2. Frequency Response. Speaking first in terms of steady-state 
sine-wave signals, the gain of an amplifier is never absolutely constant with 
respect to frequency; thus a specified value for the magnitude of gain is 
meaningless unless it is known at what frequency that gain was measured. 
In general, ‘“‘gain” with no qualification means the mid-frequency gain of an 
amplifier. In Fig. 1-2 a typical curve is shown for gain as a function of 
frequency (usually called the freyuency response) of a lowpass amplifier. 
Such an amplifier is commonly called an audio or video amplifier depending 
upon the application; the video amplifier requires a higher upper-frequency 
limit. Strictly speaking, a lowpass amplifier should amplify from zero fre- 
quency (d-c) to some upper limit; however, to avoid the problems of d-e 
amplification most practical lowpass amplifiers are a-c-coupled and have 
the dashed response curve. The frequencies at which the power gain drops 
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Matched | _ . 
load |Z =conjugate of Zs 


Fig. 1-1 Gain definitions. (a) Available power from source Sp A. (b) Transducer 
power gain = P2/Pa,.. (c) Available power gain = P4,2/Pa,1. (d) Insertion power gain 
= P2/P}. Two additional definitions of gain are illustrated implicitly in (b), the so- 


called voltage gain V2/V; and the actual power gain P2/P;. The symbol 2 means 
“defined as.” 
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Fig. 1-2 Typical frequency response of lowpass amplifier. 
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to one-half the midband value are known as the band-edge (or cutoff) fre- 
quencies—indicated i in Fig. 1-2 as fy and f,. The bandwidth of the amplifier 
is the difference between these two frequencies: B = Sf, ~ fi. In a typical 
lowpass amplifier the frequency f; is so low that B = f,. In cases where G@ 
is measured as a voltage gain, the upper and lower band-edge frequencies 
are taken to be where the voltage gain drops to 1/+/2 of the midband 
value. 

For many purposes gain is conveniently plotted vs. frequency with both 
scales logarithmic. The magnitude of gain is then usually expressed in 
decibels, 

db = 10 log Gpower (1-1) 


Often voltage or current gain is given in decibels, too, although this is, 
strictly speaking, not in conformity with the historical definition of the 


1Al 
~3 
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Fig. 1-3 Typical phase and frequency response of a single-stage bandpass amplifier. 


decibel unless the impedance levels across which the voltages are measured 
are equal. If V,; and Ve are measured across R,; and Re at the input and 
output of the amplifier, respectively, the decibel gain is correctly given as 
Ve Ry 
db = 20 log —_ as 10 log — (1-2) 
Re 
In common practice and throughout this book, the second term is omitted; 
the result is thus proportional to a voltage ratio only and is not necessarily 
the exact power ratio.? Note that the gain at the band edges is 3 db less 
than at midband; hence, these are often called the —3-db frequencies. 
1 Other definitions of bandwidth will be given later for special applications; these will 
be assigned different designations to prevent confusion. 


* For many purposes gain in decibels is given relative to band center. In this case, 
the second term in Hq. (1-2) is not needed. 
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A bandpass (or filter) amplifier has a frequency response which is similar 
to that shown dashed in Fig. 1-2. The main difference lies in the fact that 
both the low- and high-frequency band edges are carefully controlled in 
order to amplify a specified band of frequencies, rather than merely making 
the low-frequency band edge as low or the high-frequency edge as high as 
possible. We shall find that a practical difference is that the effects at f, 
and f; can only be treated separately in the lowpass amplifier. 

The phase shift of the output voltage of an amplifier relative to the input 
voltage is also a function of frequency. In Fig. 1-3 is shown such a function 
(known as the phase response), together with the amplitude response for a 
typical bandpass amplifier. 

1-3 Step Response. If the steady-state amplitude and phase re- 
sponses of an amplifier are known, the output from the amplifier for any 
input waveform, such as a transient, can presumably be found. However, 
it is frequently more convenient to deal directly with the output of the 
amplifier in response to a standard input or driving waveform without 
taking the intermediate step of finding the sine-wave characteristics. An 
input waveform commonly used is a voltage which changes instantaneously 
from one value to another—a step voltage (Fig. 1-4a). Such an input wave- 
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Fig. 1-4 Lowpass amplifier response to a step voltage input. 
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form contains components at all frequencies, and since the amplifier cannot 
uniformly amplify all frequencies, the output is not a faithful reproduction 
of the input. The rising portion of the output (Fig. 1-46) does not jump to 
its final value instantaneously but has a finite rise time. Since it is difficult 
to define exactly where the rise begins and ends, the rise time is usually 
specified as the time for the output to go from 10 to 90 per cent of the final 
value of the output. The output may rise beyond the 100 per cent level 
and oscillate about it. The amount by which the output exceeds the 100 
per cent value is known as overshoot and is usually expressed in per cent also. 


tt 


Fig. 1-5 A typical amplifier impulse response. 


The output of an amplifier usually does not rise immediately after the 
application of the input step; thus, the amplifier acts to delay the signal 
passing through it. The delay time Tp is arbitrarily defined as the time for 
the output to rise to 50 per cent of its final value measured from the time 
at which the step occurs. 

If the time scale is lengthened out to permit inspection of a longer time 
interval of the output, the output of a typical amplifier is seen to deviate 
from the 100 per cent level. Indeed, if the amplifier is not capable of 
amplifying zero frequency (a d-c amplifier), the ultimate value of the output 
must be zero. The failure of the amplifier output to remain at the 100 per 
cent level is known as sag. This is usually expressed as per cent in a given 
time. Note that the presence of sag makes the exact 100 per cent value 
somewhat uncertain. In a practical amplifier the 100 per cent point may 
be taken most accurately as the output amplitude immediately after the 
oscillations causing overshoot have disappeared.4 


1 Tf the amplifier has no overshoot, the 100 per cent value is the maximum value of the 
output. In certain amplifiers with f; and f, close together the 100 per cent value is very 
uncertain. However, the step response is not ordinarily used to characterize such an 
amplifier. 
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1-4 Impulse Response. Another method of describing the transient 
behavior of an amplifier is to use an impulse to drive the amplifier; the 
resulting output is the impulse response. For measurement purposes the 
impulse, which ideally has zero width (duration) but finite area, can be 
satisfactorily approximated by a very narrow pulse, as shown in Fig. 1-5a. 
The impulse response of the amplifier is the time derivative of the step 
response, as depicted for a typical amplifier in Fig. 1-5b. Rise time and 
delay time can be defined mathematically by using the impulse response 
(see Sec. 4-9); however, it is difficult to use the impulse response for the 
measurement of these quantities. 
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Equivalent Circuits for 
Linear Active Devices 


The amplifiers discussed in this book all employ some form of active two- 
port device to provide gain in the amplifier. Historically the first such 
active device used in electronics was the vacuum-tube triode. The triode 
is, of course, still in common use, but for the type of amplifier with which 
we shall be primarily concerned a later development, the pentode, is almost 
universally used because of its relative freedom from plate-to-grid feed- 
back. For many applications a relative newcomer, the transistor, is replac- 
ing the vacuum-tube types because of the greater inherent reliability, lower 
power consumption, and smaller size. However, the complete replacement 
of the tube by the transistor does not seem likely, for the latter has short- 
comings at high temperatures and high radiation intensities and in the 
production of high power at high frequencies. Also there are specific circuit 
applications where the tube seems superior to the transistor, e.g., as a high 
input-impedance device, or where low noise operation is necessary with high 
source impedances. Consequently, throughout the following discussion of 
equivalent circuits for both kinds of devices, it is well to keep in mind that 
the equivalent circuits convey implications as to what each device is best 
suited for; the reader should compare the representations of the different 
devices with each other.! 

2-1 Representation of a Linear Active Device with the Two-port 
Circuit Parameters. The active device we wish to represent may be 
indicated as shown in Fig. 2-1, where the device has two input terminals, 
or an input port as it is often called, and two output terminals, or an output 


1¥or an interesting discussion, see D. G. Fink, Transistor vs. Vacuum Tubes, Proc. 
IRE, April, 1956, p. 479. 
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port. Usually two of the four terminals are common, ie., connected 
together inside the box. The functional relationship between the voltages 


Fig. 2-1 The terminal conventions for a general two-port network. 


and currents may be expressed in many different ways, but the following 
illustrate three of the common and useful ways: 


The z, or impedance, parameters 


Vi = ah + aele (2-1) 

Vo = tail, + Zo2le (2-2) 
The y, or admittance, parameters 

I, = yuVit y2Ve (2-3) 

Tg = yaVi + yooVo (2-4) 
The h, or hybrid (series-parallel), parameters 

Vi = Aili + hieVe2 (2-5) 

Iq = hail, + hooVe (2-6) 


Note that only four quantities are needed to specify one pair of voltages 
or currents if the other pair is known. In some cases fewer than the four 
quantities will suffice. Each of the parameter sets leads directly to an 
equivalent circuit, as shown in Fig. 2-2. Note that the hybrid parameters 
have mixed dimensions: hy; = ohms, hag = mhos, while Ayo and ha, are 
dimensionless voltage and current ratios, respectively. 

The 2’s are also known as the open-circuit impedance parameters because 
open-circuiting the 2-2 terminals makes 7, = 0; then 


Vi 
a1 = he (2-7) 
; I, =0 
ie (2-8) 
Zo, = — 
21 ia 
Likewise opening the 1-1 terminals (making J, = 0) gives 
V 
a2=— (2-9) 
Ty 
I, =0 
Vo 
222 = = (2-10) 
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The y’s are a set of short-circuit parameters, for a similar set of relations 
may be written when V2 and Vj are, respectively, set to zero instead of I2 
and I). 


(2) 


(®) 


Fig. 2-2 Equivalent circuits for the two-port parameters. (a) z parameters. (6) y 
parameters. (c) A parameters. 


The h’s, however, may be found by short-circuiting the 2-2 terminals and 
opening the 1-1 terminals, 


Vy 
Ay = pi: (2-11) 
1 
Vo =0 
hoy = a. 2-12) 
a7 (2- 
Vy 
hy = = (2-13) 
V2 
q, =0 
To 
ho = Ve (2-14) 


This parameter set will be found to be useful in transistor measurements, 
for the necessary open- and short-circuit terminations can be well approx- 
imated over wide frequency ranges. 
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The use of one set of parameters is no more or less accurate than the use 
of another. However, the precision of physical measurement of one set or 
another varies considerably. Also, one set may lead to a simpler representa- 
tion than another set, thus leading to simpler circuit calculations. Hence, 
in the following equivalent-circuit representations of an active device, no 
attempt will be made to express the representation in all possible forms; 
rather, the forms most easily understood from a physical point of view and 
those easiest to use will be discussed. 

2-2 Representation of Vacuum Tubes at Low Frequencies.'! 
From the analysis point of view it does not matter whether the tube shown 
in Fig. 2-3 is a triode, tetrode, or pentode, for only the two-ports are 


Plate at 


(0) 
V.=0 
L c= Veo 
> Se Slope =¥ 2, =1/rp 
(©) 


Fig. 2-3 (a) Generalized negative-grid vacuum tube at low frequencies. (b) Its repre- 
sentation by y parameters. (c) The relation to the graphical characteristics of the tube. 


important; all other electrodes are at ground potential for a-c voltages. 
Hence any of the circuit parameters defined in (2-1) through (2-6) could be 
used to describe the small-signal properties of the tube. In Fig. 2-36 the 


1 Frequencies low enough for tube capacitances to be neglected. 
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y parameters are used to represent the tube. Since J, = 0 in a negatively 
biased tube at low frequencies, y,;; and y,2 have disappeared, yo; is seen to 
be the more familiar quantity gm, and 22 is the reciprocal of the plate 
resistance, 7p. The quantities g,, and r, are constant with respect to the 
voltages and currents only if these make small excursions about an operat- 
ing point; i.e., these parameters provide only a small-signal representation 
because of the inherent nonlinearities of the tube. Both g, and rp are 
functions of the operating point of the tube, specified as Vz, V., and I. 
(In the case of a multigrid tube, the d-c grid potentials are specified as V1, 
V2, ete., for grids 1 and 2, respectively.) 

The Thévenin equivalent of the circuit of Fig. 2-3b shown in Fig. 2-46 is 
equally valid. The circuit of Fig. 2-4a is usually associated with pentodes, 
while that of Fig. 2-4b is associated with triodes, for the magnitudes of g,,, 
Tp, and p lead to useful approximations with these associations. For small 


anh 


(a) (8) 


Fig. 2-4 Alternative equivalent circuits for pentode or triode. 


triodes the range is 1 to 100 kilohms for 7, and 5 to 100 for x. In pentodes 
typical values are 1,000 to 20,000 ymhos for g,, and 100 kilohms to several 
megohms for rp. 

Note that, although the equivalent circuits are shown as two-port net- 
works, this is not necessary. Any one of the three terminals may be 
considered common, but if necessary, all three terminals may be above 
ground. The only precaution is observing that V, is always measured on 
the grid with respect to the cathode.! 

2-3 Representation of a Transistor at Low Frequencies. The 
choice of an equivalent circuit for the junction transistor at low frequencies 
is complicated by the large number of such circuits which are both possible 
and useful. We shall start, then, with a very simple circuit which can be 
related to the terminal properties of the device and which can be elaborated 
to include all the major low-frequency effects. The resulting more com- 
plicated circuit can be related to the physics of the device and will be useful 


1¥or example, if the grid is the common terminal, then VY, = —Vj; for the plate as 
the common terminal, V, = Vi — Vo. 
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later when high-frequency effects will be included. The circuit also can be 
easily related to the general circuit parameters (z’s) so that a tie between 
the theory of the device and the network parameters is illustrated. 

If the common-base characteristics of an NPN transistor ! (Fig. 2-5) are 
inspected, the collector current is seen to be almost independent of collector 
voltage (on the assumption that operation is restricted to the linear region, 


Ves 


y 
@) > I,, ma 
Voge 10 


Fig. 2-5 Common-base NPN-transistor terminal characteristics. 


Voce > 0)? and proportional to emitter current. A change of Alz gives a 
collector current change of a’ Alg, where a’ represents the fraction of 
emitter current that reaches the collector. The a’ parameter commonly 


1 The following discussion will be in terms of NPN transistois; however, the discussion 
is applicable to PNP transistors by interchanging the words “electron” and “‘hole”’ and 
reversing the direction of all voltages and currents. 

2 The following notation regarding currents and voltages will be used: Capital letters 
and subscripts indicate static or d-c values—Jz, Vaz, etc.; capital letters and lower-case 
subscripts are a-c, root-mean-square (rms) values for time-varying signals—J,, Voe, etc.; 
lower-case letters and subscripts represent instantaneous values of the varying compo- 
nents—ip, Ye, etc. See IRE Standards on Letter Symbols for Semiconductor Devices, 
1956, Proc. IRE, vol. 44, pp. 934-937, July, 1956. 
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ranges between 0.9 and 1.0 and is proportional to (1) the emitter efficiency 
(the fraction of emitter current that is carried by electrons into the base 
region), (2) the transport factor (the fraction of electrons emitted into the 
base region that reach the collector), and (3) the collector multiplication 
factor (the ratio of the electrons entering the collector region to those 
reaching the collector). The first two factors are less than 1, whereas the 
collector multiplication factor may be larger than unity, particularly at 
high collector-to-base voltages. 

In the emitter-base circuit relatively high currents flow with small applied 
voltages; hence the emitter must represent a rather small (and nonlinear 
because of the curvature of the emitter characteristic) resistance. At a 
given operating point (Iz, Vzg) the emitter characteristic may be rep- 
resented by a linear resistance 7;, which has a value 


OVep 
oly 


Tin = 


(2-15) 


The quantities r;, and @’ Jead to the simplest representation of the transistor 
shown in Fig. 2-6. Although this transistor equivalent is the most rudimen- 
tary, it is nonetheless useful for rough 
calculations of many circuits. How- 
ever, certain imperfections in the circuit 
are noticeable from a closer inspection _y,, Vi; 
of the transistor terminal characteristics: i 
these are that the collector current 3 
curves are not absolutely independent 
of the collector voltage—the collector 
current increases very slightly with in- 
creasing collector voltage—and the input voltage Vz, decreases very 
slightly with increasing Veg and constant Zz. The change in J¢ with 
changing Vog can be taken into account with a shunt conductance across 
the current generator of value g = 0I[¢/dVcg. The change in Vgg with 
changing Vcg can be accounted for by adding a voltage generator which 
is controlled by Veg in series with rip. The value of this generator is 
w= OVen/OV ce. The addition of g and » to the equivalent circuit of 
Fig. 2-6 gives the circuit of Fig. 2-7, which is identical to the h-parameter 
equivalent circuit shown in Fig. 2-2c. Consequently the previously de- 
fined parameters become, in the h-parameter notation, 


I. ae we 


ah 


Fig. 2-6 The simplest transistor 
representation. 


Aye = Tin (2-16) 
har, >= a’ (2-17) 
hia, = (2-18) 


hoo, = 9 (2-19) 
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The third subscript 6 indicates the common terminal of the transistor, in 
this case the base. All four of these parameters can be found from the 
graphical characteristics, but only with limited accuracy. Alternatively, 
small-signal a-c measurements can be used. (See Sec. 15-3.) 

This equivalent circuit is very similar in form to an equivalent. circuit 
which may be derived from the physical theory of the transistor ! and which 


Fig. 2-7 A modification of the simple equivalent circuit (cf. Figs. 2-2c and 2-6). 


is shown in Fig. 2-8. The portion which is drawn in solid lines represents 
the intrinsic transistor, l.e., an ideal transistor which is assumed to have 
zero ohmic resistance, particularly in the base region. Because of the 
actual base resistance ri the complete transistor may have terminal char- 
acteristics (ie., parameters) which differ markedly from the intrinsic tran- 
sistor. The identification of each parameter in Fig. 2-8 is: 


r, The incremental resistance of the emitter-base diode. This is approx- 


imately equal to kT/qIz, where k is Boltzmann’s constant, T is the 
junction temperature in degrees Kelvin, and q is the electronic charge. 
I,=I, I,=I, 


peo <~ 


+ + + 
vi 
Ven ae | Vay 
Sry 
+ S 
B 


Fig. 2-8 A model of the junction transistor based upon the theory of the device. 


At room temperature 7} & 25/Iz, where r; is in ohms and I, is in 
milliamperes. 

a’ ‘The fraction of the incremental emitter current which arrives at the 
collector in the intrinsic transistor. (Note that this is not quite 
Al¢/Alg for the whole transistor because of the resistances rj and r}.) 


1J. M. Early, Effects of Space-charge Layer Widening in Junction Transistors, Proc. 
IRE, vol. 40, p. 1401, November, 1952. 
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ri ‘The incremental collector resistance. This arises because increasing 


the collector voltage increases the width of the depletion region sur- 
rounding the collector junction. In turn this causes the effective 
width of the base region to decrease. The change in base width 
caused by changes in V¢ is called base-width modulation. The de- 
creased base width caused by increased VG reduces the current lost in 
the base, thereby slightly increasing the collector current. This is a 
small effect, so that the resistance rj is typically several megohms. 

Mec The pecVo generator represents the reverse transfer through the 
transistor, i.e., the effect that output voltage has on the input. This 
generator is also a consequence of base-width modulation: the de- 
creased base width caused by increased V¢ in this case very slightly 
affects the emitter diode, giving a reduced value of Veg for the con- 
stant Ig. This is also a small but not always negligible effect. Typical 
values of uee are 107? to 107. 


In each case an equation can be written which expresses the circuit 
constant in terms of the physical properties of the device. Hence one 
important function of this circuit is that it gives a link between device 
theory and circuit theory which is not provided by the general circuit 
parameters. 

In addition to the preceding intrinsic transistor parameters each region 
of the transistor possesses an ohmic resistance to current flow. In the usual 
transistor only the base resistance rj, is of importance; this is included as a 
dotted resistor in Fig. 2-8 to emphasize that it is not a part of the intrinsic 
transistor. The resistance rj is sometimes called the base spreading re- 
sistance or the extrinsic base resistance. Since rj is really a distributed 


(2) 


(6) 


Fig. 2-9 T equivalent circuits with J, as the control parameter. 
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resistance which is only approximated by a single, lumped value, it does 
not exactly represent the effects of the actual base resistance. However, 
the approximation is good in most cases, with the possible exception of 
grown-junction transistors at high frequencies. 

2-4 The T Equivalent Circuits. The circuit shown in Fig. 2-8, while 
perfectly valid at low frequencies, has five quantities which define the four 
current and voltage variables. Since, in general, only four constants are 
necessary, the extra constant represents an unnecessary complication. A 
very commonly used equivalent circuit is the T equivalent circuit shown in 
Fig. 2-9a. Several equivalent forms of this circuit may be made, one of 
which is shown in Fig. 2-9b. The values for this circuit are related to those 
of the circuit of Fig. 2-8 by the equations ' _ 


Ty = Th + pects (2-20) 

r= re(l — Hee) = A (2-21) 

T= Ts = Kec(l — a’ }re (2-22) 
/ ~ 

a = ——*# a g! (2-224) 
1 — ee 


1 The transformation from one equivalent circuit to another may be accomplished in 
many ways; however, some ways are much simpler than others. To illustrate a simple 
procedure for this case, consider applying unit current (f2 = 1) to the output terminals 
of Figs. 2-9a and 2-8. For the circuits to be equivalent, the resulting voltages V; and 
V2 must be equal, 

Vo = Ure tre) = (ry + 70)L 


Vi = Ure) = (7 + pecre)d (2-20) 
(Note that Vi = 17.) Therefore 
Ly ee red — Bec) & Te (2-21) 


(Usually ec & 1.) Now apply unit current to the input terminals (7; = 1), and equate 
the resulting VY; and V2 in each case, 


Vi = Ure + 10) = (re +o + peco'rg)d 
(Note that Vi= a’r,d1.) Substituting for 7, we get 
Te = Te — beo(l — a')re (2-22) 
V2 = Ure + are) = (7) fa’rQ)1 


Substituting for rp and r, ,we obtain 


a= 


, 
ees Ne out 
1 — pee 


(2-224) 


Other ways of accomplishing the desired transformation can be easily shown to be con- 
siderably more complicated. In this case the z parameters have been equated; each 
quantity times a 1 is actually a z parameter; for example, rp -+ Te = Zo0p. 
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Note that a & ca! and r, =r, but that r, ~ rhandr. #7}. Actually r. is 


about half re “that 1 is, Te = kT /2qlg & 13/Tz Ue in milliamperes). The 
resistance r, is considerably larger than r3. 

The parameters of the T equivalent are functions of the operating point 
of the transistor to varying degrees. Typical variations of the values of r., 
Tb, Te, and @ with emitter current and collector voltage are shown in Figs. 
2-10 and 2-11. Careful note should be taken of typical values for these 
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7,, ohms (multiply scale by 100) 
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Fig. 2-10 Parameters of a typical transistor as a function of emitter current (transistor 
type 2N123 with Vog = —5 volts). 


four parameters, for in later work approximations will often be made which 
are valid only if the parameters have certain values. For example, if a 
small load resistance is connected from collector to base, the resistance r, 


may often be neglected. In this case the qualification for the word “small” 
is that R,, the load, must be much smaller than the several megohms of r,. 

Although all the discussion to this point has shown the transistor con- 
nected in the common-base configuration, this does not imply that the 
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va 


Vog, Volts 


Fig. 2-11 Parameters of a typical transistor as a function of collector voltage (tran- 
sistor type 2N123 with 7g = 1 ma). 
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Fig. 2-12 Equivalent circuits with base current as the control current. (a) Drawn in 
the common-emitter configuration. (b) Drawn in the common-base configuration. 


Sec. 4] Tue T EquivaLent Circuits 19 


transistor must be used in that way or, indeed, that the equivalent circuits 
are valid only in that configuration. The T equivalent, or example, is 
equally valid with any terminal grounded or even with none grounded; 
however, for the common-emitter and common-collector configurations 
(Fig. 2-12a and b), it is often more convenient to have the controlled cur- 
rent generator a function of the input, or base, current rather than of the 
emitter current. The circuits in this figure can be easily derived by noting 
that 7, +J,+J,=0. One convenient property of these T equivalent 
circuits is that once the parameters are known for one configuration they 
are known for all, whereas with the two-port parameters more complicated 


Teele: re(l—a) IomTe 


Fig. 2-13 Circuit for finding hie and hae in terms of the T parameters. 


transformations are necessary to go from, say, common-base to common- 
collector parameters. The one new parameter which does arise in Fig. 
2-12 is! 


Qa 


2B = hoe = hye (2-23) 
l-—a 
This quantity arises so often that it is given a special name, 8. 

One difficulty with the T equivalent circuit is that the important param- 
eters cannot be measured directly because the internal node is inaccessible. 
On the other hand the hybrid parameters can be easily measured, as shown 
in Chap. 15, Amplifier Measurements. Therefore, the equivalences between 
the A’s and the T equivalent circuit are useful.?:’ 


1Two systems of h-parameter notation are in common use. These are: hy = hy, 
hig = hy, her = hy, and hee = ho. The subscripts stand for input, reverse, forward, and 
output, respectively. The second subscript is then used to denote the common terminal; 
hence, Ay, is the parameter hoy. The equivalences are also shown in Table 2-1. 

2 The relations needed to go from quantities measured in terms of h parameters to the 
T equivalents are in Chap. 15 on Amplifier Measurements, since it is in this connection 
that the relations are usually needed. 

3 A simple method to find hie and hay. is to short-circuit the output terminals of the 
T as shown in Fig. 2-13 and apply an input current, Jp. 


Vee = Ithie = Tors + Va — since Vee = 0 (2-24) 


aly rer-(1 — a) 
Ve=(t se ee - -) A +r-,(1 — @) 
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The / parameters for all the configurations of the transistor are tabulated 
in Table 2-1. (The second subscript gives the common terminal; that is, 
hy1» is the input impedance with the base grounded.) In addition, typical 
values of the parameters for a small transistor operating at Iz = 0.5 ma are 
given. One important point to note in Table 2-1 is the approximations 
which are made to give the approximate equations. As shown in Eqs. (2-29) 
and (2-30), re <vr-(1 — a) is the condition which must be fulfilled for the 
approximate equations to be valid; this condition is usually well fulfilled, 
since r, is typically about three orders of magnitude smaller than r,(1 — a). 

2-5 Representation of the Vacuum Tube at High Frequencies. 
Two somewhat different approaches may be taken to represent a vacuum 
tube for circuit purposes at high frequencies. The first is to take the low- 
frequency equivalent circuit (such as that of Fig. 2-4) and simply add the 
lumped parameters (LZ, 2, and C) to the external terminals to account for 
the effects of leads, interelectrode capacitances, etc., and then to make a 
first-order approximation with an additional lumped element(s) for the 
effects due to the electron stream in the tube. A second approach is to 
think of the tube simply as a two-port network and measure the two-port 
network parameters—a convenient set at high frequencies being the short- 
circuit admittance parameters (y11, etc.). The latter approach has the 
advantage of giving results easily applied to a single-frequency network 
solution but has the disadvantage that measurements must usually be made 
over the range of frequencies of interest, thereby necessitating many 
measurements. Also, the latter method gives little insight into the physical 


Lo tet eer 


Le L—r te + te +rA1 — a) — a) (2-28) 
Tee 
Aue = Th + aera 
Sre+ i for re<re(l ~ a) (2-26) 
dja en eae a. 
aca | l-—a ri-—a) 
a Tele 
aS ee 2-27 
l-ea Ire +re(1l — @)|{re(l — a)] ee 
hae——— eK rl — a) (2-28) 
l-e 


hoz. and hyoe are found by opening the 1-1 terminals and applying a voltage to the 2-2 
terminals. Then 


vf 2 1 1 . 
= = ~ Ih= _! 
have Go nico aS since Jy = 0 (2-29) 
Vi Le Te 


hye = > = OS (2-30) 


Vo tetre(l—a)” rei ~ a) 
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Table 2-1 * ; 
Exact equations BpPrOMmete Typical values 
q equations 
h Al — 
a =ret+ iad) Sret+r(l — a) 35 ohms 
hip mr +1 
ig -—? x? 2x 10-4 
hyp Te + Te Te 
at Peers." Scan a) Ae _0.98 
hyp mm +7 
1 

ot = d oe 0.4 umho 
he ro + 1b Te . 
Aue ee Te 

= SS = 1,750 ohms 
i a Te 5 OES i Srast 
hire le Te 

= =———_~ 5 X 1074 
hire | rel ras a) + re re(1 = a) = 
a a Te a 

= = =— =8 49 
Nye l-e (re + re(l — @)}Ir- (1 —a)) l-—a@ 
Hei 1 1 

= -S——- 20 wmhos 
Noe} re(l — &) + re rl — a) : 
| Tec Te 

= SS = 1,750 oh 
hic Oe a) Oia ee 
gi a qd — a)re ~1 l 
hre re + (1 — a)re _ 
‘a —Te -1 

= = =- —50 
hye re + re(l — a) l-—e 8 
hove at 1 

= — = 20 umhi 
Noe ret rel — a) rfl aaa a) ae 


* Values are computed for r, = 2.5 megohms, 7, = 500 ohms, r. = 25 ohms, and 
a = 0.98. 


behavior of the tube unless the admittances are carefully interpreted. The 
method is nevertheless valuable at uhf and microwave frequencies, where 
the concepts of leads, voltages, and currents tend to become ambiguous.! 

For the areas covered herein the first approach seems most fruitful, and 
it will be developed here. Figure 2-14a shows that a lumped ? approxima- 


1L. C. Peterson, Equivalent Circuits of Linear Active Four-terminal Networks, Bell 
System Tech. J., vol. 27, no. 4, p. 593, October, 1948. 

2 By lumped is meant the representation of a distributed circuit by a finite number of 
inductors, capacitors, etc.; e.g., a lead wire into a tube is really a transmission line and 
therefore cannot be exactly represented by a single inductor. The approximation is 
excellent, however, as long as the lead is very short compared with a wavelength at the 
highest frequency considered. 
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tion to the tube, exclusive of effects due to the electron stream, would 
have an inductance in series with each electrode caused by the inductance 
of the lead wires and a capacitor representing the capacitance between that 
electrode and each of the other electrodes. Thus, in the triode tube there 
are three inductors and three capacitors; these may be superimposed upon 
the low-frequency equivalent circuit with the result shown in Fig. 2-140. 
The resulting circuit is more complicated than necessary except at very 
high frequencies. At medium frequencies, say to 20 or 30 Me, the induct- 
ances have relatively little effect in small receiving tubes, and the important 
elements are the interelectrode capacitances; therefore the circuit can be 
simplified to contain only the three capacitors, together with » and ry.* 


(6) 
Fig. 2-14 Triode h-f equivalent circuits. 


One important effect caused by the small lead inductances, however, is that 
a circuit which operates normally at low frequencies may oscillate at very 
high frequencies where the lead inductances begin to have appreciable re- 
actance. A simple example of the causes of such an effect is given in Prob. 
2-7. 

The situation in the case of the pentode is similar, but complicated by 
the addition of the two extra electrodes. Figure 2-15 shows the major 
reactances of interest. Some of those associated with the suppressor grid 
are not shown, for they have little effect. Although all shown may become 
of interest at very high frequencies, the circuit is usually simplified as 
shown in Fig. 2-15b for medium-frequency use. Here the inductances are 
ignored, and the screen is assumed to be at a-c ground potential. Hence 
Cin = Cak + Coeyg, (since Cyyp K Cin) and Court = Cog, + Cog, The feed- 
back capacitor C’,,y is included in the equivalent circuit, but it may some- 


* Note that the inductances shown, for example, Lx, if in the grounded lead particu- 
larly, should include the inductance of the external lead from the tube to the ground 
plane. This fact is important both in calculations and in physical layout, since a long 
ground lead or a bypass capacitor with series inductance may greatly increase the total 
effective lead inductance. 
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times be neglected if the voltage gain of the stage is low. In the pentode the 
first inductance likely to become important as frequency increases is the 
cathode lead inductance. The effect of this inductance may be represented 
by means of a frequency-dependent conductance, which is discussed in con- 
nection with transit-time loading. The capacitances in either the triode 
or the pentode are affected by the space charge in the tube; hence the 


OG> 
(screen) 


(0) 


Fig. 2-15 High-frequency equivalent circuits for the pentode. 


capacitances are dependent upon the d-c operating point of the tube. The 
capacitance most affected by change in operating point is C,;, (or Cin in the 
case of the pentode). The other capacitances are practically independent 
of the operating point of the tube. Since the input capacitance forms an 
important part of the grid tuned circuit in a high-frequency amplifier, the 
variation of input capacitance with operating point can cause serious detun- 
ing if the operating point is varied to provide gain control. A reduction of 
this effect may be obtained by adding a small unbypassed cathode resistor; 
however, this resistor also reduces the gain since the effective transcon- 
ductance becomes Im 


1 + Inky 


1¥For data see F. Langford-Smith, ‘“Radiotron Designer's Handbook,” 4th ed., sec. 
23.5, Radio Corporation of America, New York, 1952. 


a (2-81) 


gm = 
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At low frequencies the input admittance of a vacuum tube is essentially 
a purely capacitive susceptance; however, at higher frequencies a con- 
ductance component becomes important. This component arises from three 
major sources. First, there is some dielectric loss associated with the 
insulators in the base and interior of the tube. This conductance varies 
directly (approximately) with frequency. Second, there is a conductance 
due to the finite transit time of electrons past the control grid. This 
component of input conductance varies with the square of frequency. 


By=Vol, — By-wC yy 
(a) : Mee Toe 
(6) 


Vg 


G= 
Bm 0 Cup Ley 


Fig. 2-16 Equivalent circuit for the calculation of input conductance due to cathode 
lead inductance. 


Third, there is a component which is caused by the cathode lead inductance. 
The value of this component may be calculated with the aid of the circuit 
shown in Fig. 2-16. 

The equation for the input loop (Fig. 2-168) is 


I, I, + 9mVg I, 


VY, = - SS and V,= cons (2-32) 
5B —jBr * Bex 
I ByB 
SE Vet ee (2-33) 
Vi —jBy + jBgr + 9m 
Usually B, >> B,x, so that Eq. (2-33) may be simplified. 
Sr el E+) 
Yu) & Bex ~jB — oo (2-34) 
ue _ “Bu + Gm + Gm ae te ai 


V1 & joC gn + Yo’ Cgrln +: > (2-35) 
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The higher-order terms may usually be ignored because gn/B, «1. The 
last equation shows that the input admittance due to C,;, and LZ, may be 
represented by the parallel combination of C,, and a conductance of value 
Qmo"C gxL% connected between grid and ground, as shown in Fig. 2-16c. 

Because the conductances due both to transit time and to LZ; vary as 
frequency squared, it is difficult to measure experimentally the two effects 
separately. Consequently, the two are usually lumped together, and the 
total input conductance is expressed in the empirical relation 


gs = kof + kaf? (2-36) 


where g; = total input conductance 
k.f = “cold” input conductance (heater power off) 
kf? = “hot” input conductance (due to transit time and Ly) 

Values for k;, for some modern triodes are given in Chap. 13.!_ The complete 
pentode equivalent circuit for high frequencies is then that of Fig. 2-15, 
where Cin = Cg,0. + Ce:x, a8 before, and g; is given by Eq. (2-36). The 
preceding has assumed that the screen lead inductance is negligible. Above 
100 Me this may not be true, especially if care is not taken in bypassing 
the screen to ground through a capacitor. The effect of the inductance is 
to cause a negative input conductance to appear from the control grid to 
ground. Uncontrolled, this effect may lead to oscillation, but the effect is 
sometimes used to reduce excessive grid loading at very high frequencies.’ 

2-6 High-frequency Equivalent Circuits for Transistors. The 
simple “low-frequency” equivalent circuits for transistors thus far pre- 
sented are valid up to frequencies of only a few kilocycles for audio tran- 
sistors to frequencies of perhaps a megacycle or more for transistors useful 
in the vhf range. The basic limitation to transistor action at high 
frequencies is the relatively low velocity of the current carriers, which leads 
to transit-time effects at relatively low frequencies compared with vacuum 
tubes, including a large part of the useful frequency spectrum of the 
transistor. As has been seen in the case of the vacuum tube, an equivalent 
circuit which even approximately takes into account the effects of transit 
time is relatively complicated. The same is true for the transistor; for this 
reason we shall not attempt to make an “exact” equivalent circuit, if 
indeed this is possible, but rather we shall attempt to find several useful, 
relatively simple equivalent circuits which reasonably well represent the 
operation of the transistor in the type of operation under consideration. The 
latter point is very important because, for example, a representation that 
is perfectly adequate for a video amplifier calculation may be very poor for 
a 456-ke intermediate-frequency amplifier. 


1 For values for older tubes, see ibid., p. 929. 
? Problem 2-7 illustrates the calculation of this effect in a triode tube. The effect in 
the pentode is the same if the pentode sereen is treated as the triode plate. 
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A simple picture of the problem caused by the transit time in a transistor 
may be derived by considering the processes taking place in the base of a 
transistor when a very narrow pulse (ideally, an impulse) of current is sup- 
plied to the emitter. At the initial instant the electron density (in an NPN 
unit) in the base at the edge of the emitter junction is increased. Ideally 
this increased density would travel from emitter to collector with unchanged 
form, but at a finite velocity. The time for the pulse to travel from emitter 
to collector is the transit time in question. If the pulse arrived with the 
same shape with which it began, there would be no frequency problems to 
worry about—the transistor would have acted as an ideal delay line of 
infinite bandwidth. However, the mechanism of carrier propagation in the 
base is, at least in part, a diffusion process. This is analogous to the process 
of heat flow in a metal. If one momentarily touches a hot object to the end 
of a metal rod, the hot spot will slowly move down the rod, but while the 
hot spot is of zero length in the beginning, the spot begins to broaden out 
as it travels down the rod. The same is true of the distribution of electrons 
in the base: initially the distribution is very narrow, corresponding to the 
narrow input-pulse length; as the electrons diffuse across the base, their 
random velocities cause the distribution to broaden—the longer the transit 
time, the more the broadening. In Fig. 2-17 is shown the result of the 
process; the input pulse is square and narrow, but the output pulse has 
nonzero rise time and a rounded shape. The rounding of the output cur- 
rent pulse shows that some of the high frequencies of the original pulse have 
been lost; i.e., the current gain of a transistor falls off at high frequencies. 
It may be seen from this qualitative discussion that the high-frequency 
response could be improved by anything which would reduce the transit 
time, since this would decrease the spreading of the pulse. Two things may 
be done to accomplish transit-time reduction. One is to narrow the width 
of the base—the current gain times bandwidth is inversely proportional to 
the square of the base width. Second, the velocity of the carriers in the 
base can be increased by arranging the impurities in the base region in such 
a way that an electric field is set up to increase the velocity of the minority 
carriers (electrons) through the base, as in a drift or graded-base transistor. 

An expression for the current gain a’ as a function of frequency may be 
derived from the theory of the transistor; however, the expression involves 
transcendental functions and is thus not convenient for representation with 
a lumped network. Instead a simplified form can be used, 


; a, ¢ eT 
if = 2-37 
a! (jw) ‘aay (2-37) 


where aj is the low-frequency value of I,/I,. The function e~’*” has unity 
magnitude and thus does not affect the magnitude of a’, which is a/ V2 at 
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® = Wq = 2nfy. The frequency fa is usually called the alpha-cutoff fre- 
quency. The magnitude and phase of «’ are plotted as a function of fre- 
quency in Fig. 2-18. In this figure the logarithm of |a’| is plotted with a 
logarithmic frequency scale. 


Input f 
current 
I, 


‘i—_— 
Transit 
time 
Output 


current f 
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t—_ 


Fig. 2-17 The effect of transit time and diffusion on the short-circuit current output of 
a transistor. 


The function «~%°” represents a phase shift proportional to frequency or, 
in the time domain, a pure time delay T. The relative size of T depends 
on the type of transistor. For a simple junction transistor 7’ & 0.2/w, and 
is often neglected; in a drift transistor 7 is much more important and may 
be 1/w, or more. Note that 7 = 1/we gives a phase shift in the numerator 


1.0 


1.0 
Log w/w, —> Log w/w —> 


Fig. 2-18 a’ versus frequency. 


of Eq. (2-37) of 1 radian at w = we, or a total phase shift in a’ of 1 + 71/4 
radians. The phase of a’ is plotted in Fig. 2-18 for two values of 7. 

The frequency dependence of alpha given in Eq. (2-37) may be incor- 
porated into the equivalent circuit of Fig. 2-8 resulting in a frequency- 
dependent current generator a’I,. The reverse transfer generator peeV;, 
has a similar frequency dependence, since it also depends upon effects trans- 
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mitted through the base region; however, the effect of this generator is 
nearly always negligible at high frequencies, as will be shown. 

The flow of emitter current results in a distribution of carriers in the 
base region. This distribution cannot be altered instantaneously because 
of the previously mentioned transit-time effects. Hence a sudden change 
in emitter current gives rise to a gradual change in the charge distribution 
in the base. The initial change in emitter current must first change the 
charge distribution at the emitter-base junction. This effect may be 
approximated by placing a capacitor of value 1/wer) in parallel with r; 


Fig. 2-19 The T equivalent circuit for high frequencies. 


“ 


(Figs. 2-8 and 2-19). This capacitor is generally called the emitter diffusion 
capacitance. 

One other effect of major importance in transistor frequency response 
arises from the space-charge region existing at the reverse-biased collector- 
base junction. In this region the junction field removes the carriers, leaving 
behind the fixed charges of impurity atoms fixed in the crystal lattice. The 
amount of fixed charges exposed on each side of the junction must satisfy 
Poisson’s equation for the amount of potential across the junction. Thus 
an increasing potential widens the space-charge region to expose more fixed 
charges and gives rise to a current of electrons from the 7 region and holes 
from the p region. This current is a displacement current similar to the 
current to a capacitor when an increasing potential is applied. Consequently 
the effect of the space-charge region is approximated in the equivalent 
circuit by means of the capacitor C, (Fig. 2-19). 

The collector capacitance depends principally upon the area of the 
junction and on the density of impurities present on either side of the 
junction. Because of the space-charge layer-widening effect, the outer 
boundaries of the space-charge region move farther apart as the reverse bias 
is increased. Since incremental increases and decreases of charge occur at 
the outer boundaries, this means that the incremental capacitance C, 
decreases with an increase in reverse bias. Effectively, the “plates” of the 
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capacitor are moved farther apart. Collector capacitance of typical small 
transistors may range from 10 to 30 pf for alloy-type units; most drift 
transistors usually have considerably smaller capacities, 2 to 10 pf being 
representative. Special types of construction can result in C, < 1 pf; in 
this range, attention must be paid to mounting structure and lead capac- 
itance as well, which can be appreciably larger. In the remainder of the 
discussion, however, it will be assumed that any parasitic lead capacities, 
ete., are negligible or else lumped with C,. 

A similar space-charge layer capacitance exists at the emitter junction, 
shown in Fig. 2-19 as C... The principal effect of this capacitance is to 
divert to the base lead some of the emitter current that would otherwise 
have flowed through the base to the collector by means of the minority 
carriers. A portion of 7, flows through C., leaving a fraction I{ which 
controls the collector current generator a’I/. The effect of C. is thus to 
lower the effective alpha-cutoff frequency as measured at the terminals of 
the transistor. The amount of the decrease is small in many transistors 
because the impedance of C,, is large compared with the low impedance of 
rin parallel with 1/war3; however, in very-high-frequency units where the 
capacitance 1/war, is small and comparable to C,, an appreciable fraction 
of I, is diverted to the base, and the effect of C, cannot be ignored. Note 
that the a-c impedance of 7; in parallel with 1/w,7r; is inversely proportional 
to the direct current Iz; consequently there is some advantage to operating 
at a reasonably high d-c emitter/current to make I;/I, as large as possible. 

If the frequency w, appearing in Eq. (2-37) and in the expression for 
emitter diffusion capacitance is understood to be the effective alpha-cutoff 
frequency, the effects of both C, and transit time across the base being 
taken into account, then C, need not be considered separately; that is, C, 
is lumped into the capacitance 1/w,r}, as in Fig. 2-20, where w, is essentially 
the alpha-cutoff frequency measured for the complete device. 

The resulting T equivalent circuit shown in Fig. 2-20 is more detailed 
than is really needed for most high-frequency applications. Calculation of 


Fig. 2-20 The T equivalent with C, lumped with 1/war:. Here wa is the measured cutoff 
frequency and includes the effect of C.. 
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the A parameters for this circuit is one way to show what approximations 
may be made and the restrictions on their validity. In Fig. 2-21 hi, and 
hei» may he found by assuming a known value of [,. Define 


ee re ‘ re (2-38) 
1+ jorlC, 1+ jo/wa 
Ze 
Then Ve= —(1— a’)I, - 
rh + Ze 
= -—I,(1—o')r, since Z, > rh, usually (2-89) 
Vi = Zele + BecVe — Ve 
~Z.1.—V:i since pee K 1 (2-40) 
Vi 
hie = a0 Z. + ri(l — a’) (2-41) 
1 
oe ey ME = ah 
al i Ze - r+ Ze 
= -a’ (2-42) 


In using the above expressions it must be remembered that a’ is now a 
function of frequency. If the value of hj,) is desired, the value of a’ with 
eT = 1 — jo + (jwT)?/2 +--+ 1 — jwT can be substituted into Eq. 
(2-41), 
ag(1 — aa] 
1 + jw/we 
1 + jo(1/on + afT)/(L — of) 


= Z, b(1 — ae 2-43 
oe %) 1 + jw/wa \ 


hu = Ze + 7% E = 


a'T, 


Fig. 2-21 Circuit for finding the high-frequency value of hi and how. 
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From the last equation hy:, can be shown to be the impedance Z, in 


series with an RL parallel circuit, as shown in Fig. 2-22. 


Note that the 


impedance h;5 (and the actual input impedance if the load impedance in 
the collector is small) is inductive over a considerable frequency range; 
that is, |11,| increases with frequency from approximately 


re 


1-—a@ 
Qo => @™M)cu 214 ROP 
1/we + aol 
tow = Wa. 
The quantities hoo, and hy2, may be obtained by inspection from Fig. 
2-20, 1 Ll 1L+ jor, 
hay = > 2 = 
Ze + TS Ze 
~jol, if w > 


(2-44) 


The calculation of hi2, is facilitated if one assumes that V. & V%; then 


h + be & tee + 7 (= 
126 Hec rs i Ze = Mec Z. 
ae 
=| Hee + BY) + jorfC. (2-45) 
ae 

hyos = + joriCe (2-46) 

SjorsC, ifw> (2-47) 
Te 


The approximate form haa, = jwC, is useful if one is interested in the 
high-frequency performance where the capacitive reactance is much less 


than rj. Also, the load impedance appears 
directly in parallel with hg2., and this must 
be much smaller than r/ if the transistor 
collector circuit is not to be the limitation 
on the high-frequency response. With low 
load impedances the effect of rj is negligible 
at all frequencies. 

The approximate form for hj2,5 shows that 
it is constant at low frequencies and then 
increases linearly with frequency. Again 
with small load impedances the effect of 
higy can be ignored at low frequencies; 
hence only the term jwriC, need be retained 
in most cases. With these approximations, 


E 
r; Meares Ze 
hy,b 
r3(1—0)/a6 
", 
r(L/agw tT) 
B 


Fig. 2-22 The circuit represen- 
tation of the short-circuit. input 
impedance hyp. 
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the equivalent circuit may be modified to the form shown in Fig. 2-23, 
where the components p.- and rj, are omitted. 

2-7 The Hybrid-pi High-frequency Equivalent Circuit. Although 
the equivalent circuit of Fig. 2-23 may be used for the transistor connected 
in any manner, it is frequently more convenient for the common-emitter 

Det, a’l, I. 
—_> 


I,= 
ri wae 


lV/ware 


B 


Fig. 2-23 A simplified high-frequency equivalent circuit. The quantity a’ is frequency- 
dependent: a! = age#7/(1 + ju/wa). 


(0) 


(c) 
Fig. 2-24 Derivation of the hybrid-pi from the T equivalent circuit. 
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connection to have a circuit which is controlled by a base quantity rather 
than by an emitter quantity. (In Fig. 2-23, J, is the control quantity for 
the current generator.) An equivalent circuit which has wide application 
can be easily derived from the simplified T circuit. The latter is shown in 
Fig. 2-24a, turned around for common-emitter use. The circuit in Fig. 
2-24b is identical since the same current leaves the node to the left of C, 
and arrives at the node to the right of C,.. The two current generators 
cancel in the emitter lead so that no current is gained or lost because of 
their common connection. The combination of Z, and the current generator 
can be combined into a new impedance, 


'=adI,—I, = —I,(1 — a’) (2-48) 
V’ = —1,Z, (2-49) 
a a a a 
I’ L—a@ Lt jw/wg 1 — ape? /(1 + jo/wg) 

Z = Soest. Seen (2-51) 


1 + ju/wa — age 7? 


An approximate form may be obtained by expanding the exponential in a 
series and taking only the first two terms. (This assumes that w7' < 1 at 
the highest frequency of interest.) 


, 


Te 
Pe 2-52 
1 — af + jw(l/we + 067) —-:- ee) 
ZL’ > fs 2-53 
1 af + ju/ur (2-53) 
where wr Peas 
1+ aoT 


The impedance Z’ given above is that of the parallel combination of a re- 
sistor r,/(1 — ag) and a capacitor. 1/w,r,. The current generator at the 
output of Fig. 2-24b may also be simplified, 


: —a'V’ age 2°? 1A jw/wg 
all, = = —y/— = (2-54) 
Ze 1 + jo/we re 

(- ane I?) Vv’ 


Te 


a’l, (2-55) 


The quantity —aje~’*"/r! has a magnitude which is independent of fre- 
quency and a phase shift which increases linearly with. frequency, ie., a 
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pure time delay. For many purposes the time delay is not particularly 
important, and the current generator may be approximated without the 
exponential function, as shown in Fig. 2-24c.! 

This circuit, known as the hybrid-pi equivalent circuit, is very useful for 
circuit work because all the elements in the circuit are reasonably constant 
with frequency up to frequencies approaching the alpha-cutoff frequency. 
If a more accurate representation is necessary at low frequencies, which is 
usually not the case in h-f amplifiers, conductances across C, and the current 
generator may be added.’ 

One important new parameter, w;, which has considerable practical 
significance, appears in Hiq. (2-53) and in the capacitor of value 1/w,r} in 
Fig. 2-24c. To find the physical significance of w,, let us investigate the 
short-circuit current gain ho;_ of the common-emitter transistor. Consider 
the collector short-circuited to the emitter in Fig. 2-24c; the voltage V’ is 
then 

Tyre/( — ao) = Tyrt/ = a) 
1+ [jo/(1 — a)](1/or + reC.) ~~ 1+ ja/er(1 — ag) 


The approximation assumes that C, « 1/w,ri, which is true for almost all 
high-frequency transistors. 


7 


(2-56) 


ao : ao 
Ip = SV! + jal V' =~, (2-57) 
ae Be a = fy — (2-58) 
a m1 = a9 1 + fo/(l — ander "1 + joo/g 
where Bo = = (2-59) 
1— ao 
wp = (1 — ao)ax (2-60) 


The short-circuit current gain is now By = ao/(1 — ao) at low frequencies, 
as was also shown in Table 2-1, but the current gain is By/+/2 at the 
frequency w;(1 — ao). Thus the cutoff frequency wg in the common-emitter 
configuration is wg = w:(1 — ao) = (1 — ao)wa/(1 + apweT’). Note that, 
compared with the common-base connection, the current gain of the com- 
mon-emitter connection is increased by 1/(1 — ao), but that the bandwidth 
is decreased by somewhat more because of the phase-shift factor e 2". 
The fact that hoi. begins to fall off at a frequency about two orders of 


1 An important type of amplifier of which this is not true is the feedback type of 
amplifier, which is not covered herein. 

2 For an interesting discussion of high-frequency equivalent circuits and many perti- 
nent references, see R. L. Pritchard, Electric-network Representation of Transistors—A 
Survey, [RE Trans. on Circuit Theory, vol. CT-3, p. 5, March, 1956. 
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magnitude less than w, is very important in high-frequency amplifier 
design, although it is possible to build amplifiers with much wider band- 
widths than w,. 

Because of the importance of w; (or f; = w:/27) in the equivalent circuit 
of Fig. 2-24, it is useful to measure f; rather than f, and T. This has the 
additional advantage of being a considerably easier measurement. Con- 
sider the typical curve of |ho;-| shown in Fig. 2-25. At frequencies much 
above fs, |he1e| falls off at ~6 db/octave, and if ag = 1, then |he1e| = fi/f 
in this frequency range. The frequency at which |hg;-| = 1 is f; For 


3db 


20 log [ha1,|, db 


Log f —> 


Fig. 2-25 Short-circuit current gain of a common-emitter transistor. 


these reasons f; is often called the gain-bandwidth product of the tran- 
sistor. 

Two important points should be kept in mind in using transistor equiv- 
alent circuits. Since the useful circuits are all approximations to some 
degree, it is unreasonable to expect a single circuit to be the best approxima- 
tion over the full frequency range of a transistor or for all circuit applica- 
tions. Also, the accuracy of the representation may vary considerably 
from one transistor to another, even of the same type. The circuit- 
application aspect of the equivalent-circuit problem will be further discussed 
in the sections dealing with amplifier applications. It usually happens 
that circuits involving very wide-range equivalent circuits, e.g., a fast 
pulse amplifier, are very noncritical with regard to the accuracy of the 
transistor representation; hence the model used need be made accurate only 
at the high-frequency end of the passband. 

Another method of using these and other equivalent circuits is to use 
only the desired form of the equivalent circuit but to obtain the actual 
element values from measurements taken in the frequency band of interest. 
This method is useful with transistors which do not exactly have the 
~6 db/octave slope of |he1-| shown in Fig. 2-25 but which are to be used 
at frequencies above fg in, for example, a bandpass amplifier. 
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PROBLEMS 


2-1. A given two-port network has the following hk parameters: hy, = 25 ohms, hy = 
1074, ho, = —1, hoe = 10-° mho. What are the values of the z and y parameters for 
the network? 

2-2. Assume that a two-port network characterized by the h parameters is to operate 
from a source R, and load Ry. (Assume that the parameters are real.) 

a. Derive an equation for the insertion power gain. 

b. Derive an equation for the available power gain. 

2-3a. Show that the impedance looking into the input of a two-port network termi- 
nated in a load impedance Zz is 


hohe 
ee ahie4 L 


~ 1+ he 


b. Derive a similar expression for the admittance looking into the output terminals 
when the source impedance is Z,. 

2-4, Show that gmrp = pz. 

2-5. Consider an “iterative” amplifier chain of many identical stages (theoretically 
an infinite number). A practical question is: Without using interstage transformers, 
which connection of the transistor (CE, CC, or CB) will give the greatest insertion power 
gain per stage? 

Note first that the effective load Zz for each stage is equal to the Zin of the succeeding 
stage and that the generator Z, is equal to the output 1/Yout of the preceding stage 
(ef. Prob. 2-8). Show that the effective load for each stage in the chain is 


(ah —-DAV (at - 1)? — 4hihw 
Z, = 
2hoe 
where Ah = hishee — higher 


Using the h-parameter values in Table 2-1 for a typical transistor, determine the inser- 
tion power gain for each connection (CE, CB, CC). Which gives the maximum? 


Fig. P2-6 


2-6, Show that any two-port network expressible in the z parameters may be repre- 
sented by three impedances and one generator, as shown in Fig. P2-6. Find the values 
of Z1, ..., Z, in terms of the z parameters. 

2-7, Assume a triode amplifier as shown in Fig. P2-7. (Assume that Cp; is part of Zz.) 

a. Find the expression for the input admittance. 

b. If Zz is purely inductive, what is the conductance component of input admittance? 
What does this tell you about the stability of a triode amplifier at high frequencies? 
(Note that the inductance could be provided by the plate lead inductance.) 
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c. If Zz is purely resistive, show that the total effective input capacity is approxi- 
mately 
Cn = Cgk + Cep(l + A) 


where A is the voltage gain of the stage and C,,(1 + A) is often known as the “Miller 
capacitance.” 


Fig. P2-7 


2-8. Using the simplified equivalent circuit of Fig. 2-23, calculate an approximate set 
of high-frequency h parameters for the common-collector connection of the transistor. 

2-9, Derive the value of the current generator and its shunting resistor shown in 
Fig. 2-12a from the circuit of Fig. 2-9a. 
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The Steady-state Characteristics 
of a Lowpass (Video) Amplifier 
An elementary but complete amplifier stage is shown in Fig. 3-1 for a 


pentode stage. All the elements with the exception of the load resistance 
Ry are “parasitic.” That is, they are necessary to set d-c levels, but they 


Fig. 3-1 A complete pentode amplifier stage. 


impair rather than aid in the production of constant gain or voltage 
amplification as a function of frequency. The elements C,, and R, are 
added to remove the relatively high plate voltage from the grid which is at 
d-e ground potential. Also, d-c potential changes due to supply variations 
and tube aging are not amplified along with the signal.1 The elements Ry 


1The problem of d-c amplification, which is important in itself, will not be taken up 
herein, since it is separate and distinct from the problem of obtaining wideband amplifi- 
cation. 
38 
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and C;, in the cathode circuit and the elements R, and C,, in the screen 
circuit are added to bias properly the tube and to maintain these conditions 
as the tube ages. All these components affect the amplifier low-frequency 
response and may affect the high-frequency response if there is appreciable 
inductance in series with the capacitors. The capacitances C, and C2, 


(0) = 


Fig. 3-2 A complete typical transistor stage. Bias is supplied by two d-c supplies in 
(a) and a single supply in (0). 


which include the tube output and input capacitances, respectively, added 
to the wiring capacitance, reduce the gain of the stage at high frequencies. 

In the case of a transistor stage as shown in Fig. 3-2 many of the same 
elements are present. The stability of the d-c operating point is controlled by 
the bias resistors Ra, Ry, Reg, and Rg. The latter is bypassed by Cz, which 
usually imposes the most severe limit on the low-frequency performance of 
the amplifier. The capacitor C.. performs the same function as in the pen- 
tode stage; however, C’,, can be profitably omitted in some transistor stages 
because the collector voltage can be low so that the build-up in d-c voltage 
from stage to stage is not excessive. Separate means, such as feedback 
that is effective only at very low frequencies, may be used to reduce the 
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d-c gain and make the amplifier bias stable. Stray capacitances shown as 
C and C2 are not usually as important in transistor amplifiers as in vacuum- 
tube amplifiers because the limitations to high-frequency response come 
primarily from inside the transistor itself, rather than from the external 
circuit (see Sec. 2-6). 

3-1 Low-frequency Response of Pentode Stage. Equations may 
be written which exactly describe the gain vs. frequency of the circuit in 


Fig. 3-3 Complete pentode equivalent circuit (omitting bias impedances). 


Fig. 3-1 and somewhat less exactly the gain of the circuit in Fig. 3-2; how- 
ever, the complexity of the equations incorporating all the parasitic effects 
simultaneously prevents forming many useful general conclusions. In- 
stead the approach of separating the high- from the low-frequency effects 
will be used, since this is an extremely accurate approximation in all 
lowpass wideband amplifiers.! To illustrate, consider Fig. 3-3, which shows 
the equivalent circuit for a pentode circuit, for the moment omitting con- 


Cec 


San oe 


Ryan Ri / tpt Ry) 
Fig. 3-4 Simplified circuit for determining the low-frequency gain. 


sideration of the bias impedances. Experimentally it is readily observed 
that over a considerable portion of the passband of the wideband amplifier 
the gain is almost exactly constant; consequently the frequency-dependent 
reactances of C;, C2, and C.- must have negligible effect in this midband 
region. Therefore the reactance of C, and C2 must be much larger than 
the parallel combination of 7), Ay, and R,. Also, C., must be acting 
virtually as a short circuit between plate and grid at the signal frequency. 


1 Analyses of the rare case when this approach is invalid are given by D. C. G. Luck, 
A Simplified General Method of Resistance-Capacity Coupled Amplifier Design, Proc. 
TRE, vol. 20, p. 1401, August, 1932; and W. F. Curtis, The Limitations of Resistance- 
coupled Amplification, Proc. IRE, vol. 24, p. 1230, September, 1936. 
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As the frequency is reduced from the midband value, the effect of C, and 
Cz becomes more negligible still but the reactance of C, increases until it 
no longer acts like a short circuit between plate and grid. Consequently, 
to determine the low-frequency limit of the amplifier stage in Fig. 3-3, we 
need consider only the effect of the reactance of C,,.. The equivalent 
circuit, then, for calculating the low-frequency gain is as shown in Fig. 3-4. 
The voltage gain of this circuit is 


GmRLR, jw 


A(jw) = —— 3-1 
Ge ako PU Ries 
R 
where Ri = Ute (3-2) 
lp + Ry 


For the usual pentode wideband stage r, > Ry, and R, > R_; therefore a 
good approximation to the above is 


jw JoR Cee 
tee ihe Gage 


Notice that, if the frequency is high, the gain is constant at the value 
—9Jmly; this is the midband gain for the complete amplifier, which can be 
designated Ay. Notice next that when w = 1/R,C,, the real and imaginary 
terms in the denominator of Eq. (3-3) are equal; this unique frequency will 
be designated as w,, the low-frequency cutoff due to the coupling circuit. 
Thus in terms of the midband gain Ap and the cutoff frequency #;, Eq. 
(38-3) can be written as follows: 


A[j(@/w3)] j(w/w4) fF 


Ay jla/en)-F 1 


This is a general equation which describes the frequency behavior of any 
amplifier of this type. The amplitude and phase response are shown in the 
curves of Fig. 3-5. The amplitude is plotted as 20 log (A/Ag), that is, the 
so-called decibel; notice that at the cutoff frequency w, the gain is down 3.0 
db from the midband value Ao. Similarly the phase shift differs by 45° from 
the midband value. The curves in Fig. 3-5 may be obtained by inserting 
different values of w into Eq. (8-3a) and solving for the magnitude and 
phase of gain (|A| and /A); however, a quicker way of finding the 
approximate curve of |A| is to write the logarithm of the magnitude of 
A(jw), 


A(jo) = —gmk (3-3) 


(8-3a) 


jw 


1 


20 log 


= 20 log 


—20 log 


se | (3-4) 


Wy 


' Note further that at the cutoff frequency w; = 1/R,C.- the reactance of Ci. is exactly 
equal to the resistance Rg. 
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The first term is due to the numerator of Eq. (8-3a), and the second term 
is due to the denominator of Eq. (3-3a). These terms may now be plotted 
on semilogarithmic graph paper, as shown in Fig. 3-6. The first term is a 
straight line rising 20 db/decade (a 10:1 change in frequency) and inter- 
secting the line 0 db at w = w,;. (The slope of this line is also +6 db/oc- 


Relative 
gain A/A,,| 
db 


OQfR---- —-— 


w=); Log w/w,-> 


Phase 90 


of A/Ay are 


O=0) Log w /w,——> 


Fig. 3-5 Magnitude and phase of the gain of the circuit shown in Fig. 3-4. 


tave, or doubling, of frequency.) The second term is constant at low fre- 
quencies, where wh,C'.. K 1, and decreases at a rate of —20 db/decade at 
high frequencies. The actual curve for the third term is well approximated 
by using only the two asymptotes which intersect at w = w,. The maximum 
error in using the two straight lines occurs at the frequency of their inter- 


(1) 20 log [jw /a | 
(2) —20 log |jw/o, +1 
wo, "1/R,C,. 


+40 


+20 
lA/Aol4 : 


aS 


—6 db/octave 


0.01 0.1 #1 10 100 1,000 
w fy ,— 


Fig. 3-6 Obtaining the gain characteristic of Eq. (3-3a) by asymptotic construction. 


section and is 3 db. Corrections for this will be discussed later. The 
response due to both terms is simply found by adding the curves together, 
giving the result shown in Figs. 3-6 and 3-5. Note that the approximate 
method requires only the calculation of w; = 1/R,C.- if only the shape of 
the gain curve is required. SS sete 
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The phase response may be found in a similar manner, 


/ al efi (3-5) 
“) 


The first term is a constant +90° phase shift; the second again may be 
approximately plotted in terms of the asymptotic value at high frequencies 
(—90°), the asymptotic value at low frequencies (0°), and a transition 


(1) / (jw/w,) 


\ (14-2) = over-all phase response 


\. 


fe ee ee ee re 


@,21/Ry Coe 


(2) /(iw/o)+1 
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Fig. 3-7 Obtaining the phase characteristic of Eq. (8-3a) by asymptotic construction. 


region about the frequency w,. The details of the latter construction are 
shown in Fig. 3-7. Again the phase due to both terms is found by adding 
the individual curves. 

Gain functions more complicated than Eq. (3-3), but of the same general 
type, can be displayed in the same way, by asymptotic approximations to 
the frequency response. The general form of Eq. (8-3) is 

jw 
A(jw) = K-——— (3-6) 
jo + wy 


and is a particular case of a class of gain functions expressed by 


(jo + a1) Go + ws) ++ Go + wm) 


AGjw) = 
ve (jw + we) (jo + wg) +++ (Jo + wn) 


(3-7) 


The w,, and w, are real numbers and correspond to the critical (also “cutoff” 
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or ‘“‘corner’’) frequencies in the asymptotic response graph.! As another 
example, take 


AGay = cere (3-8) 


In logarithmic form, the amplitude response in decibels becomes 
20 log | A(jw)| = 20 log K + 20 log |jw| + 20 log {jw + | 
— 40 log {jo + we| (3-8a) 


= 20(log K + log w; — 2 log w.) + 20 log | ju| 


+ 20 log 


w w 
j* 41) = 40 tox ic41| 
Wy We 


(8-8b) 
The relative gain, relative to the gain A» at w = 0, is 


A o és 
20 log ~ = 20 log {jul} 20 log | ia+ 7 ~ 40 log it+ 7 
Ao Wy wy 
(3-8c) 
(2) (2) 
+40 Over-all response f 
14243 
3 +20 : Z (1) 20 tog] ju} 
5 6 db/octave (2) 20 log Gof] 
9 { 0 (3) —40 log [jw /w,) +1] 
& -20 
-40 ia- —12 db/octave 
Fy aeeeeteenrA Fick Wh See LOR) oes LN ea Oe 
0.1 1 10 100 1,000 
Qo —> 


Fig. 3-8 Obtaining the amplitude response of Eq. (8-8c). 


Each term can be considered separately and plotted by straight-line 
asymptotes (see Fig. 3-8). The first term gives a straight line with positive 


1The most general form of a gain function may include terms such as (jw)* + ky(jw) 
+ ke which cannot be factored into the form of Eq. (3-6) with real w», or w,. Asymptotic 
plotting of such terms can also be accomplished; see J. L. Bower and P. M. Schultheiss, 
“Introduction to the Design of Servomechanisms,”’ chap. 3, John Wiley & Sons, Inc., 
New York, 1958. 
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slope (20 db/decade, or 6 db/octave) passing through the 0-db level at 
w= 1. The second term is constant at 0 db up to the critical frequency 
w@ = @,, Whereupon it assumes a “unit” positive slope of 20 db/decade. 
Finally, the third term is constant at 0 db up to its critical frequency 
w = we, after which it assumes a negative slope of twice the unit value, or- 
40 db/decade, owing to its arising from a second-order factor in the de- 
nominator of Eq. (8-8). Adding together the three responses gives the 
total, as shown in Fig. 3-8. 

While the straight-line approximation may suffice for many analyses, it 
is possible to refine the curves by the generalized correction factors given in 
Table 3-1. Each straight-line approximation, such as that for the second 


Table 3-1 
Gain True phase 
S/fe (or fe/f) * | correction, t (or complement 
db of true phase) 
0.1 0.04 5.7 
0.2 0.17 11.3 
0.4 0.64 21.8 
0.6 1.34 31.0 
0.8 2.14 38.6 
1.0 3.01 45.0 


* f, is the critical frequency of the numerator or denominator term in question. 
t The correction is positive for a numerator term (zero) and negative for a denominator 
term (pole). 


term in Eq. (8-8c), is modified by the tabulated correction terms, and the 
new curves summed up. In the case of higher-order terms, such as the 
second-order third term in Eq. (83-8c), the gain correction is multiplied by 
the order of the term. 

The phase shift of the gain function can also be approximated as before, 


[ati = [ior [i2+1-2/i% +1 (3-8d) 
®] ag 


The result is shown in Fig. 3-9, using the same principle employed in the 
construction of Fig. 3-7. Note that numerator terms in the gain function 
[Eq. (8-8)] contribute a leading phase, while denominator terms contribute 
a phase lag. A second-order term gives twice the phase shift, as though it 
were two first-order terms. 
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A more accurate phase curve can be obtained by substituting for the 
straight-line plot of Fig. 3-9 the true phase values of Table 3-1 for each 
term in the gain function. For the second-order term the phase values are 
merely doubled. 

3-2 The Geometric Interpretation of Gain Functions. It is 
appropriate now to introduce a further generalization which will have 
great value throughout most of the later portions of the book. It consists 


+135° 


+90° 


\ 


+45° Over-all phase shift 


0 


0.1 1 10 100 1,000 
Fig. 3-9 Phase response given by Eq. (3-8d). 


first in substituting for jw a more generalized frequency variable p, which 
also is complex but can comprise both real and imaginary components; thus 
p oo + jo. 

It is desirable to have a good understanding of the variable p, where it 
comes from, and what it signifies.!_ It can be considered, for the present, as 
originating in either of two ways: 

1. A generalization of «’* into e?’, in the manner of &* being a useful 
generalization of the more elementary cos wt, which is a perfectly correct 
expression for sinusoidally varying currents or voltages but which is more 
cumbersome analytically than e&”'. Note that &! = cos wt + j sin wt and 
thus contains cos wt, plus additional information (j sin wt) which is not 
used directly but which is economically carried along because of the greater 
facility with which &' behaves analytically. Similarly e' has great facility 


1Further study is recommended, in treatments of network theory such as D. F. 
Tuttle, ‘(Network Synthesis,” vol. I, chap. 3, John Wiley & Sons, Inc., New York, 1958, 
or in treatments of transform analysis, e.g., M. F. Gardner and J. L. Barnes, “Transients 
in Linear Systems,” John Wiley & Sons, Inc., New York, 1942. 
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and, more importantly, provides some new insight into the functional 
behavior of amplifier gain functions. 

2. A function deriving from Laplace transform theory, whereby any 
time-varying current or voltage can be transformed from a time function 
(a differential equation usually) into an algebraic function of a complex 
variable p. For example, the gain function in Eq. (8-3) can be rewritten, 
by substituting p for jw, 


A(p)=K (3-9) 
P- Pi 
where K = —g,R 
~—1 
Pi = RCo 


Still more generally, any amplifier gain function (where the amplifier uses 
linear, lumped elements) may be written in the form 


H(p— Pm)  ,P™ tap +---+1 


AQ) = KS 
) Il(p =: Dn) p” + bp”! +.-.+] 


(3-10) 


Equation (3-10) shows that the gain may be written in the form of a 
constant, or scale factor, K, multiplied by the quotient of two polynomials 
in p, a rational fraction. The factors of the numerator give those values of 
p—the pm which may or may not be real—for which the gain function is 
zero, and hence they are called the zeros of A(p). The factors of the denom- 
inator give the values of p = p, for which the gain is infinite, and they 
are the poles of A(p); these too can be either real or complex. With gain 
on a logarithmic basis, the zeros are points of infinite loss, and the poles are 
points of infinite gain. The poles are also sometimes known as the natural 
modes. In the example of Eq. (3-7) only one term of the continued product 
in the numerator and denominator is present. The pole is located at 
p = —w,, and the zero is at p = 0. 

Thus the gain function of Eq. (8-8) can also be written in terms of p, 
giving 

p(p — Pi) 


A = K ———__ 
” (p — pr)? 


(3-10a) 


An interesting and useful geometrical interpretation can be given to gain 
functions of p, such as Eq. (3-10a). Suppose that we plot in the p plane 
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the poles and zeros of Eq. (3-10a); this is shown in Fig. 3-10. Note first 
that they lie on the negative real (c) axis for this example, recalling that 
Eq. (3-10a) reverts to Eq. (3-8) by replacing p by jw. Note further that 
the o coordinate of the zero or pole coincides numerically with the critical 
frequencies w; and we of the amplitude response. Thus 


Pi = 0, +70 = —a; +30 
(3-11) 
Po = 02 +j0 = —w2 + 0 


This coincidence is restricted to the case of poles and zeros lying solely on 
the o axis. In general, poles or zeros may also exist as conjugate pairs with 


Fig. 3-10 Pole-zero diagram for Eq. Fig. 3-11 The construction for finding 
(3-10a). /jo —p, and |\jo — p,| for one factor 
of A (jw). 


respect to the o axis. In Sec. 8-1 the restrictions on pole-zero locations for 
physically realizable networks will be discussed. 

The geometric interpretation consists in preparing a pole-zero diagram 
such as Fig. 3-10 and from it determining A (jw) with nothing more than a 
ruler and protractor. For instance, Eq. (3-10a) shows A(p) to be simply a 
scale factor times the quotient of some vector distances on the p plane, and 
when we let p = jw, we can find the magnitude and phase angle of A(jw) as 
follows: 
|jo| |jo — pr| 


A(jw)| = K 
AGe)} eee 


(3-12) 
Each of these factors may be measured with a ruler from the point cor- 
responding to the frequency in question, w, to the appropriate singularity. 
Hence |jw| is measured from the origin to w; |jw — p,| is measured from 
p, tow. The resulting distances are substituted into Eq. (3-12) to find 
|A jw) |. 


For the phase we write 


[Aljw) = [jo + [jo — pi — 2/jo — pe (3-18) 


Sec. 3] HicH-FREQUENCY RESPONSE OF PENTODE STAGE 49 


The construction for finding the angle is shown in Fig. 3-11 for a single pole 
(or zero) singularity; the angle indicated as | jo — pi is simply measured 
with a protractor. The geometric method is equally applicable to functions 
containing complex poles and zeros. 

3-3 High-frequency Response of Pentode Stage. With the 
methods just described for quickly determining the important steady-state 
properties of a gain function, we may now go on and briefly investigate the 
high-frequency cutoff of an audio or video amplifier. Referring again to 
Fig. 3-8, which is the complete pentode equivalent circuit omitting the 
effects of the bias impedances, we remember that in the calculation of the 
low-frequency behavior we ignored the effect of C, and C2 because their 
shunting effect became less and less as the frequency was reduced; at the 
same time, C,, became more and more important because its reactance is 
in series with the signal. Considering the high-frequency end of the pass- 
band, however, the effect of C., becomes negligible because it acts more like 
the desired short circuit than at midband. The reactance of the shunting 
capacitance (C; + C2 = ©) sooner or later begins to divert some of the 
signal current gmV, to ground as the frequency is increased. Hence an 
equivalent circuit to represent the pentode amplifier at high frequencies 
can regard C,, as a short circuit but must retain C; the resulting equivalent 
circuit is shown in Fig. 3-12a. The gain of the stage is thus 


Ripa ee : 
(p) © p+ WRC (3-14) 
1 
hepa. pe oe ee RL<R : 
is humo = ee ee AD 
C24 Cy 


The gain function thus has a simple pole at p = —1/RC & —1/R,C, 
giving the pole-zero diagram shown in Fig. 3-12b. 
The amplitude response as a function of jw can be determined from Eq. 
(3-14) by substituting p = ju, 
—9Jm 1 —9nk 


A(jo) = — 


C jwt1/RC joRC +1 18) 


As in the case of the low-frequency response [Eq. (3-3)] there is a cutoff 
frequency, in this case w, = 1/RC, and also at frequencies much below this 


there is the same limiting gain Ay = —g,R & —g,,Rz,. Hence a normal- 
ized version of Eq. (3-16) can be written as follows: 
Aljw/on)] 


Ae - sajeyet 7109) 
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The amplitude response can be plotted readily on a logarithmic basis by 
means of the straight-line asymptotes shown in Fig. 3-12c. At low fre- 
quencies the gain is constant, and at high frequencies it falls away at 20 
db/decade. The asymptotes intersect at the cutoff frequency wo. At this 
cutoff frequency the reactance of the shunting capacitance C is equal to the 
resistance FR in parallel with it; thus the magnitude of the parallel impedance 


o——- e 
+ = C2C,+C, 
V, £,V, Vo 
| Rig) eR, 
i 1/rp+1/R, +/R, 


(for a pentode) 


~ 


i ots ® f 
RC 
er ee 
i al dS 
= w,=1/RC 
“ _40 
Et eh 
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@ fo 
(c) 


Fig. 3-12 (a) An equivalent circuit for computing the h-f response of a pentode stage. 
(b) The pole-zero diagram for (a). (c) The resulting amplitude response. 


of the combination is 0.7072 (or —3 db in logarithmic units), and the phase 
angle is 45°. 

Note that the gain as w becomes much less than 1/R,C (the upper band- 
edge frequency) is the same as that given by Eq. (3-1) for w much greater 
than 1/R,Ccc (the lower band-edge frequency). Hence, if 1/R,C > 
1/R,C cc, as is always the case in a wideband amplifier, the gain is constant 
over a large region and is given as a limiting case of either Eq. (3-1) or 
Eq. (8-14). The fact that the high-frequency solution indicates constant 
gain in the frequency region of the low-frequency cutoff (and vice versa) is 
actually the proof that the two solutions may be made separately. To find 
the over-all gain function of the stage, the two individual solutions [Eqs. 
(3-1) and (8-14)] are multiplied together. (The constant must be such as 
to give the correct midband gain.) 

Ym 1 Pp 


Aig r= 3-17 
err rey hoe ee Tee ae 
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The pole-zero diagram and the over-all response are shown in Fig. 3-13. 
The pole far out on the o axis is seen to be the controlling factor in the high- 
frequency behavior of the amplifier, while the pole-zero combination near 
the origin determines the low-frequency behavior. Note that nothing on 
the pole-zero diagram indicates the absolute magnitude of the gain at any 
frequency but that all the information determining the shape of the gain and 
phase response is present. Also note that another way of stating the con- 
dition for separation of the low- and high-frequency equivalent circuits is 
that the singularities determining the high-frequency response (the pole at 


—_ 


oh, ~20 db/decade 
BiG (~6 db/octave) 
—__ 
~l or Gain, ) 
RCo db ! 
Loo db/decade | 
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Fig. 3-13 The response of a complete pentode amplifier stage (exclusive of biasing 
impedances). 


1/R,C) must be far away (in terms of the ratio of frequencies) from the 
singularities determining the low-frequency response. 

Notice once more that poles or zeros at the origin or on the real o axis, 
as in Figs. 3-10, 3-12, and 3-13, contribute in similar fashion to the ampli- 
tude response if one works with the asymptotic approximation. A pole 
provides an amplitude response which decreases at a rate of 20 db/decade 
at high frequencies; a zero provides an increase of 20 db/decade. Each of 
these high-frequency asymptotes intersects the 0-db reference at the 
appropriate “cutoff” frequency, which is equal numerically to the o co- 
ordinate of the pole or zero. The individual asymptotes add on a logarith- 
mic plot to provide the over-all response of a given gain function, as in Figs. 
3-6, 3-8, 3-12, and 3-13. The phase responses add in a similar fashion, as 
in Figs. 3-7 and 3-9. 

The essence of the preceding discussion is to divide the calculation of the 
response of a lowpass amplifier into three parts, one part determining the 
low-frequency cutoff and one part the high-frequency cutoff. A third part, 
which we shall consider next, determines the gain in the region in which 
reactive effects are negligible. This is the so-called midband region. . 

3-4 Midband Properties of the Common Amplifier Configura- 
tions. Since a vacuum tube or transistor is usually considered to have 
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three useful terminals (control grid, cathode, and plate, or base, emitter, 
and collector), three configurations are possible with one terminal grounded. 
Taking the vacuum tube first, these are shown in Fig. 3-14 together with 
their equivalent circuits. (The tube may be considered to be either a 
triode or a pentode with suitable values of rp and y.) The important 
properties of these circuits, which are tabulated in Table 3-2 and should be 
well known, are the voltage gain, the output impedance (the impedance 
looking into the terminals to which Ry, is connected), and the input imped- 
ance. The equivalent circuits shown omit all reactive elements; hence the 
values in Table 3-2 are valid only at midband. Several useful points should 
be noted in this table. The grounded-plate stage gives a voltage gain of 
Jess than 1 but a power gain greater than 1. The voltage gain of both the 


(c) 


Fig. 3-14 The three basic vacuum-tube amplifier configurations. (@) Grounded 
cathode. (b) Grounded plate (cathode follower): (c) Grounded grid. 
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Table 3-2 * 
Grounded cathode Grounded grid Grounded plate 
AV: BRL _ __&mRL @ + DRL BRL 
vVG=Y7, tp t+ Ry 1+RL/rp tp + Ry G@t+ DRL +rp 
“emRi (Rpt Krp) ~ __omRL 
~ 1+ gmRy Ged 
Rin 2 tp + RL ~ 
B+1 


i (Rr & rp) 
&m 


i 


Rout (e+1)Re t+ Tp Tp 
wt+l 
1 
e— 1 
&m @> 1) 
Transducer 4u@RLRes de: 4R1L/R, w@>d 4u°RLR, 
i ~ es __ 
gain (power) | (> + Ry)? (1 + @p + Rx) /uR,]* [@ + DR, + rp) 
& 4em?RLR, (RL <Krp)| .,  4RL/Rs R m 4m RLR 
S04 Veo OFS) | HT peae. OY 


* See Fig, 3-14. 


grounded-grid and grounded-cathode stages is the same, but because of the 
relatively low input impedance of the former, the grounded-grid stage gives 
less power gain. Finally, if alow output impedance is desired, the grounded- 
plate stage (cathode follower) is best and the grounded-grid stage is worst. 
Note also the approximate formulas and the limits on their validity. The 
formulas requiring Ry «rp are almost always accurate in practice when 
the tube is a pentode. 

The equivalent-circuit representation for the transistor is somewhat more 
difficult than for the vacuum tube, and so the various quantities of interest 
will be developed here in an approximate manner. The exact equations 
may be developed by a straightforward loop or nodal analysis, but the 
resulting equations are frequently so cumbersome as to be useless in in- 
creasing one’s understanding of the fundamentals of transistor amplifier 
operation. However, use of the approximate relations can be had only if 
one thoroughly understands the approximations which have been made. 

Consider first the common-base equivalent circuit shown in Fig, 3-15. 
The various known currents are drawn in the diagram, on the assumption 
that the voltage across r, is much less than that across Rz. This is very 
reasonable if the stage is an amplifier stage. The equation for V; may be 
written by inspection once the currents are known. 


PR. 
Vi rl, + rply [a = a) + “| 


alee (3-18) 
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Since Ry <r, usually, the equation for Rij, may be written 


iam eras Pee ay Gas 
n= — Sr r =a = - 
I 1 7 Te + Rr * ( ) 
For the same conditions, the current gain is 
ed if Rp « 3-20 
ee i r 5 
I, te + Rr - pes oy 
The voltage gain A is 
ees ar Rr (3-21) 
— Ire + 7o(1 — @)](re + Rx) 
ak, ; 
if Ry Kte (3-22) 


re + ro(l a) 


al, 


(1-a)I, + 


r+Ry 


Fig. 3-15 Approximate currents in a common-base (CB) amplifier. 


In the common-base connection the voltage gain per stage is approx- 
imately a, if stages are cascaded without transformers so that Ry = Rin. 
Consequently common-base stages are rarely used in wideband amplifiers 
because of the difficulty of making the necessary wideband transformer. 

The power gain of the transistor itself is 


P, Gy Rp aR, 
Pin I; Rin Te +7o(1 — 2) 


(3-23) 


Again this quantity will be less than 1 if Ry = Rin. 

A similar analysis may be made for the common-emitter circuit with the 
aid of Fig. 3-16. In this figure 7, is assumed; the other currents are found 
by simply applying Kirchhoff’s law to each node in turn and assuming that 
the voltage across 7. is much less than that across Ry (which is always true 
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if the stage amplifies). From the known currents the following equations 
may be written by inspection: 


Bile tee ret 8 ifR,<Kr(l—a) (3-24) 
in = — Sr = Tell — g 
ie ee ean es “ 
Le 
<rpt+ (8-25) 
—-a 
I, = Bl, (3-26) 
Ip\? R 2R 
PG = ( *) eae de (3-27) 
I, Rin ryt re/(1 _- a) 
for, 
Vy, 61,R, 
1, BI,R ria) + Ry, bly (re) 
— nae T, nee Ry cory Iz 


Fig. 3-16 Approximate currents in a common-emitter (CE) amplifier. 


Since Rin is usually much less than r,(1 — a), the above approximations 
are fulfilled in a cascade of common-emitter stages, except possibly for the 
last stage, where 2, may be fairly large. Such a cascade is shown in Fig. 
3-17, where any resistors associated with the collector or base are assumed 
large compared with Rin. The power gain of the circuit in Fig. 3-17 is 


PG = (Peet Rr = B1"B2B3’Rr 
I; Rin Rin 


(3-28) 


1817,| 181 B27,| 181828321] 
_ —_> —_> 


Fig. 3-17 Elementary amplifier made up of common-emitter amplifiers. 
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This is actually the maximum possible gain for the combination since in 
practice some of the collector current will flow into the collector load 
resistances and the biasing resistances. However, the preceding equation 
gives the order of magnitude of the over-all gain and is therefore quite use- 
ful. The common-emitter amplifier is probably the configuration most 
often used since it gives a large gain without the use of transformers. 


sl 


Fig. 3-18 Equivalent circuit for a common-collector (CC) stage. 


The equivalent circuit for a common-collector stage including Ry; may be 
drawn as shown in Fig. 3-18. The input resistance of the stage is 


Vi 1 
Rin = — = (rely + Va) — (3-29) 
Ty Ty 
I (1 — etR 
Visa Tell = a)(te + Bx) (3-30) 
l—-ar(l—e)+re+ Ry 
1 red — (re + Rr) 
Rin = To + 
l-a re(l—a)+re+ Rt 
c(Te + BR 
~ _telte + Rx) + Tp (8-31) 
re(1 = a) + Rr 
If r.(1 — a) > Ry, as is frequently the case, then 
et+R Rk 
in os “rye z Ri>rt. (3-32) 
l—a l-«a 


Hence, the input impedance may be made quite large. The voltage gain is 


ee athe ee a are (3-33) 


A eee ee (itr va) > ap 630) 
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Ry 
Aes (3-85) 
(l—a)r,+re+ Rr 


>=1 ifr(i —- a) +r. K Rp <Kr.(1 — a) (3-36) 


In some applications the precise difference between the true voltage gain 
A and unity is of importance (as, for example, in the case of some active 
filters). A quite exact expression for this case is 


I 
1-A& good for any Ry, (8-37) 


R 
1+ z 


rok 


ro(l — a) + Tre + 


c 


Fig. 3-19 A common-collector stage driven from source impedance of Ry. 


The maximum value of voltage gain obtained with infinite Rz is thus 
A =r,/(re +7), which for a typical transistor is about 0.999+. The 
power gain is 


V22/R R 
poate 7 (3-38) 
Vi /Rin [1 a ar, +ret Rr) a a) 
1 3 
~——  ifr.(1 — a) > Rp >t (3-39) 


l-e@ 


Another quantity of interest is the impedance seen by the load when the 
common-collector stage is driven by a given source impedance, as in Fig. 
3-19. 
If we ignore 7,(1 — «) because it is usually large compared with R, + 7, 
we get 
Va = —1(R, + 72) (3-40) 


= 


l-—ea 


Ig = 


(3-41) 
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I rely 
V2 > V, - & —1,(R, + 1») ~_ (3-42) 
l-«@ l-—ea 
eh Vo = —1,(Rg + ro) — rels/(1 — @) 
aa =I,/(L — a) 
S(Re+nr)l—a)t+re 
oe 7 for Rz>re (3-43) 


The common-collector stage has the properties of an impedance trans- 
former; i.e., the input impedance is roughly BR_,, and the output impedance 
is roughly R,/8. However, this is accomplished with a voltage gain of 
almost unity and a considerable power gain. Thus, the circuit operates 
like a cathode follower but has a gain A nearer unity. For this reason 
the common collector is often called an emitter follower. Similarly, the 
circuit is useful for coupling a high-impedance source to a lower-impedance 
load. It may also be noted that the common-emitter and common-cathode 
stages are somewhat analogous, as are the common-base and common-grid 
stages. 

3-5 D-C Bias Considerations. Proper d-c biasing of tubes and 
transistors is important because the bias determines the operating point of 
the active device. A good bias circuit is one which maintains the proper 
operating point during the life of the device and when the device is replaced. 
From the standpoint of amplifier theory, biasing is important because the 
bias circuit almost inevitably introduces parasitic elements which affect the 
signal response of the amplifier. 


(0) 


Vacuum-tube cathode bias circuit. 
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Pentode Amplifier. To take first the simpler case of the vacuum tube, a 
basic and almost universally used biasing scheme is shown in Fig. 3-20a. 
The voltage V.- may be of either polarity or zero; 2, is the cathode bias 
resistor. A somewhat simplified equivalent circuit is shown in Fig. 3-208, 
where the pentode is represented by two current generators: the 9,V, 
generator is the ordinary small-signal current generator, and the generator 
Io is an additional current generator such that the d-c plate current I, 
= 9mV, + Io. (These quantities may be found from the static plate 
curves of a tube, gm = Al,/AV,, taken near the operating point J, and 
V,. From the calculated value of g» and the known values of V, and I, 
Ig may be calculated with the preceding equation.) For this discussion rp 
is considered to have negligible effect. The circuit is solved for J, the d-e 
plate current, resulting in 


mV ce vf Vec R. I mle, 
_9 + 0 _ Vee/ k + L/GmEx (3-44) 


I 
T+ gn L + 1/gmRe 


The plate current can be made most stable by making 9, large so that 
Iy&V.e/Ry. This usually necessitates making V.- a few volts positive so 
that the desired J, is obtained. The resulting plate current is very stable 
with respect to changes in both Jp and g,,, making this method of operation 
desirable with high-performance pentodes, where both these quantities are 
likely to be highly variable. In the simplest and usual case, V.. = 0, and 
a moderate degree of bias stability is obtained because both Jp and g,, tend 
to change together. If R, = 0 and Ve. < 0, so-called “fixed bias’’ results 
and the plate current is extremely dependent upon both g,, and Ig since 
both tend to change J; in the same direction. Consequently this method 
of operation should not be used where much reliability or stability is 
required. 

Because adequate bypassing of 2; down to very low frequencies is some- 
times very difficult, the feedback biasing 
circuit of Fig. 3-21 is a practical alterna- 
tive if both positive and negative supplies 
are available. In practice, the current 
through the R, branch is much smaller 
than the current through R,, and V, is 
only a very few volts; hence the approx- 
imate plate current and voltage are 

—Vec(Ri + Re) 


yy 2 — 3-5 
b Ry (3-45) 


— Yoo — Vo 
ars 


V,, (must be negative) 


I, (3-46) Fig. 3-21 Feedback biasing circuit. 
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The capacitor C' is added to make the feedback inoperative at signal fre- 
quencies in the passband of the amplifier. Omitting C’ reduces the input 
impedance of the stage. This particular circuit is exactly the same in 
operation as the transistor circuit shown in Fig. 3-26. 

Transistor Amplifier. In the practical realization of a transistor am- 
plifier with proper d-c biasing the amplifier may be expected to operate 
satisfactorily over a wide range of temperatures, and a number of different 
transistors may be used interchangeably. On the other hand, improper 
biasing may cause the amplifier to become inoperative at elevated tem- 
peratures or in some cases may even destroy the transistor. 

Three factors cause difficulty in transistor biasing: variation of Bpc 
(ratio of d-c collector current to d-c base current) from unit to unit and 
with temperature, variations in the temperature-sensitive current I¢9 (Ico is 
the collector current with open emitter, Iz = 0), and changes in Vgz due 
to temperature. These factors all cause changes in the base current Ig for 
a given collector current. Since a resistance is usually necessary in the 
base circuit, variation of base current leads to a change in base voltage, 
thereby changing the operating point of the transistor. Consequently a 
circuit is desired which produces little change in operating point ([¢ and 
Vos) with changes in base current. A change in Vgz has relatively little 
effect on the bias circuits, because Vgxz is small compared with the voltage 
drop in the resistor which determines the emitter current. 

In the following discussion only changes induced by Igo will be discussed 
since these are most important in germanium transistors. In silicon tran- 
sistors Igo is not important in most circuits until temperatures of 100°C or 
higher are reached, but changes in 8pc are important. However, a circuit 
which has low sensitivity to I¢o is also insensitive to changes in Bpc, owing 
either to temperature or to replacing transistors. 

The current I¢g is a result of the thermal generation of minority carriers 
in the collector and base regions. These minority carriers are drawn across 
the reverse-biased collector junction 
because the junction field is in the 
direction to attract them across the 
junction. The current Ico is thus a 
d-c component which flows from 
collector to base, as in Fig. 3-22. 
The current gain apc is the current 
transfer ratio (sometimes called hrs 
or apg) involving the total emitter 
and collector currents. If we neglect 
<0 for PNP the collector resistance, which is usu- 


Fig. 3-22 Simple model for Ico calcula- ally quite high in Ke junction tran- 
tions. sistor, we may write the following 


Io9 > 0 for NPN 
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equation for Ig (this equation may also 
be used as the defining equation for 
apc):} 


I¢ = Ico — epclz (3-47) 


This assumes that apc is constant over 
the operating range and that [¢ is in- 
dependent of Vc. 


! . ae Fig. 3-23 A general transistor bias- 
Let us now investigate the “‘d-c” char- ing circuit. 


acteristics of a basic biasing circuit, as 
in Fig. 3-23. This circuit is sufficiently general to enable us to analyze 
the common biasing schemes. Let us also assume that the emitter-to- 
base voltage is zero; then we can write 


V, = Rly — Rolp (3-48) 
Vo = —Vet Relg — RiIc (8-49) 
Ic = —Ip — Iz (3-50) 
Tc = Ico — ancl (3-51) 


Expressing Ig and Jg in terms of Ic, Ico, and a, we get 


Ico — Ic 
| neat (3-52) 
ope 
ITci- —I 
Ae a c(1 — apc) co (3-53) 


aDC 


Substitute these values in Eq. (8-48), and solve for I¢. 


Ico(Ri + Re) apoV, 


OR Rel — ene) dey Ba = ane) 


(3-54) 


By differentiating I¢ with respect to Ico we get a measure of the sen- 
sitivity of I¢ to changes in Io. 


dle _ Ri, + Re A 
Oleg )= Ry + Ro(1 — ape) 


S (3-55) 


Equation (3-55) tells us the magnification of changes in I¢9 which appear 


1 The following is adapted from chap. 3 of R. F. Shea (ed.), “Transistor Circuit Engi- 
neering,’ John Wiley & Sons, Inc., New York, 1957. 
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Vee inIg. The best condition is to make R2 = 0; 

then S = 1. This is obvious, since then Ico 

Ry, cannot change Jz; hence the component 

I¢ = —apclz isa constant. The worst situ- 

o— ation is to make R,; = 0. Such an amplifier 
is shown in Fig. 3-24. In such an amplifier 

5 Tz is constant as I¢9 changes, but I¢ changes 
= by Ico/(1 — epc). In a typical transistor 

Fig. 3-24 An amplifier with Ico at 25°C might be —10 wa. Since Teo 


“fixed-base bias.” doubles, approximately, for each 10°C tem- 

perature rise, at 65°C I¢g = —(2*) X 10 = 
—160 wa. Let us assume that apc = 0.98 and Ig = —1 ma (at 
25°C). 


From Eq. (8-53) Ig at 25°C is 
Te(1 — ape) — Ico _ ~ (1) (0.02) + 0.01 
apc 0.98 
= —0.0102 ma (3-56) 


The collector current at 7 = 65°C may be found by using the above 
value of Ip, and Ic¢g as found previously. 


apcls+Ico _ (0.98)(—0.0102) + (—0.160) 
icp 0.02 


= —8.5 ma (3-57) 


Ip = 


c= 


This amount of collector current could very easily cause the transistor to 
saturate (Vcg & 0) and make the amplifier completely inoperative. 

A defect of the basic circuit in Fig. 3-23 is that two batteries are required. 
A simple transformation (Fig. 3-25) will take us to a more usual circuit. 
For this circuit S is obtained by substituting Re = RaR,/(Ra + Ry) into 
Eq. (8-55). 

s- R,/Ra + Ry/Ry +1 (3-58) 

R,/Ra + Ry/Ro + (1 — ane) 
Note that for small S the resistance R, || Ry should be small. The circuit 
in Fig. 3-25 is useful in the design of an amplifier if the desired operating 
point and S are known. _ 

Other schemes for stable biasing may be developed. The one shown in 
Fig. 3-26 is a feedback method of decreasing the effect of Ico. The details 
are given in the reference below and in Prob. 3-71 


1A. W. Lo et al., “Transistor Electronics,” pp. 134ff., Prentice-Hall, Inc., Englewood 
Cliffs, N.J., 1955. 
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If Ig tends to increase, the action of this circuit is to decrease the base 
current, thus tending to hold J¢ constant. The circuit is useful where a 
moderate degree of stabilization is required and where a minimum number 


(c) 


Fig. 3-25 Development of single-battery biasing from Fig. 3-28. 


of components must be used. Note that the circuit works only when 
Ieo < Ic(1 — apc) [see Eq. (3-53)]. 

Biasing circuits which have small S also tend to reduce changes in I¢ 
due to substituting transistors with different Bpc. This is quite important 


Fig. 3-26 A method of feedback biasing (ef. Fig. 3-21). 


since different transistors of the same type may easily have values of Bpc 
differing by two or three times. 


3-6 Determination of the Low-frequency Response Due to Bias 
Impedances. Considering the complete pentode amplifier stage, shown 
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in Fig. 3-27 without the components affecting only the high-frequency 
response, the reactance of capacitors C.., C's, and C; will decrease the low- 
frequency gain and introduce phase shift. The effect of C.. has already 
been investigated in Sec. 3-1. Here we shall ascertain the effect of the bias 


Fig. 3-27 A complete pentode stage for low-frequency analysis. 


impedances separately and then combine the effects to find the response 
due to all three. 

Cathode Impedance. Considering first the cathode bias impedance alone, 
the equivalent circuit shown in Fig. 3-28 may be drawn. A simple and 
useful way to investigate this circuit is to determine the y parameters for 


Fig. 3-28 Equivalent circuit for determining the effect of Z,. 


the tube and Z,. Both y1; and yj2 are zero, since I; = 0 at low frequencies. 
The transfer admittance yo; is found by determining the short-circuit cur- 
rent I, = Ia, 


= uVe 
Tp + Zi 
Ve=Vi-— Ve = Vi — [ede (3-60) 


Tg (3-59) 
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Therefore 
ae u(Vy — IoZx) (3-61) 
Tp + Zi 
Ig 1 aS Ym ; a 
ye GRD ete ifyt+l =p (3-62) 
ho 


The approximate equation is excellent for pentodes since yp is then very 
large. The impedance looking into the output terminals may be found by 


Plate 


Fig. 3-29 Equivalent circuit for pentode or triode with nonzero cathode bias impedance. 


dividing the open-circuit output voltage by the short-circuit current, 


Voc = —pVy (3-63) 
1 = V20e 
— = ant (ut DZ (3-64) 
Yee I; 


The new equivalent circuit thus becomes that shown in Fig. 3-29. In the 
pentode, r, is usually so large that it is ignored in comparison with the load 
resistor, and so the equivalent circuit is effectively just a modified current 
generator gm/(1 + gmZz). Note that, if Z, is negligible, the equivalent 
circuit becomes the usual one for the tube alone. By substituting the value 
of Z, = R,/(1 + pR,Cx) into Eq. (3-62) a modified value of gm is found, 


; Jm PRC; + 1 
Yai = gn = (3-65) 
1 + Imlex PRC./ (1 + ImRx)} + 1 
+ 1/R,C, 
a Pp /RAC (3-652) 


p+ [1 + gmPx)/ReCr] 


At high frequencies g;, — gm, but for very low frequencies the effective 
transconductance is reduced to gi, — gm/(1 + gmftx). The pole-zero dia- 
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gram for Eq. (3-65a) is shown in Fig. 3-30a. The effect of the pole and 
zero is to cause the gain to decrease for w < (1 + gmfx)/R,Cy, as is shown 
in Fig. 3-30b. Two important points may be gained from Fig. 3-30b; the 
first is that the gain begins to fall at a frequency considerably higher than 
the natural frequency of the cathode circuit, 1/R;C;. The second is that, 
since the frequency (1 + gnR,)/R,Cy is strongly dependent upon g,, if the 


20 log(i+g R,) 


Gain, i 


db -— 6 db/octave 


(0) 


Log w > 


| 
| | 
| 
| 


+90° 


Phase f 
o° 


-90° 


(c) 


Fig. 3-30 Gain of a stage with cathode bias (no effects due to screen or coupling circuit). 
(a) Pole-zero diagram. (b) Gain magnitude. (c) Phase of output relative to the input. 


stage is stably biased, the point at which the gain begins to decrease is not 
a particularly constant one because of the variability of g,,; hence there is 
little point in making elaborate calculations to find the exact low-frequency 
cutoff. 

The phase shift caused by the cathode impedance is also of importance, 
and the contribution to the total phase due to each term in Eq. (3-65a) is 


[A(jw) = /gin = [jo + A/RCe — /jo + 1+ gmRx)/RiCe (8-66) 


The resulting phase response is shown in Fig. 3-30c. 

One final point remains to be clarified. In the preceding it has been 
assumed either that the screen is operated from a zero-impedance supply or 
that it has been bypassed by an infinitely large capacitor. In either case 
the effect of the cathode circuit is dependent upon the return path for the 
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screen current. As shown in Fig. 3-31, the screen supply (or bypass capac- 
itor) may be returned either to the cathode or to ground. In the former 
case (Fig. 3-31a) only the plate current flows through Z;, and the normal 
pentode gm is the correct transconductance to use in calculating the pole 
position. In the latter case (Fig. 3-31b), both the screen and plate cur- 
rent flow through Z;, and the correct transconductance to use is the gm of 
the tube connected as a triode (gmr), which is approximately equal to 


Ty + I, 
Int? = —~———— Ym (3-67) 
Ty 


where J, and J,. are the d-c plate and screen currents, respectively. In 


(6) 


Fig. 3-31 Two methods of screen connection in pentode amplifiers. 


either case, the effective gm should reduce to the pentode g» at high fre- 
quencies. 

Emitter Bias Impedance. For the moment we shall digress from com- 
puting the effect of impedance in the screen of a pentode and find instead 
the effect of impedances in series with the emitter of a common-emitter 
transistor amplifier. We shall find that the effect is very similar to the 
cathode bias impedance so that we may draw upon the preceding discus- 
sion. 

The transistor case is complicated by the fact that changes in the col- 
lector impedance have some small effect on the input to the transistor. 
These effects are usually of little consequence at low frequencies if the 
collector is loaded by at least the base circuit of a following transistor, as 
is the case in a chain of common-emitter stages. Consequently, in most 
cases the resistor r.(1 — a) may be omitted and the equivalent circuit for 
the bias problem drawn as shown in Fig. 3-32.!_ All the impedances to the 


1The resulting equivalent circuit for the transistor is the same as that using the 
h parameters and neglecting hee and hyo. If necessary the effect of ho. may be approx- 
imated by adding a resistor of 1/h22 in shunt with the output current generator. The 
effect of hig is usually quite small. 
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left of the base (including R, and Ry» in Fig. 3-25) are lumped into one 
Thévenin equivalent R,. It is desirable to split the equivalent circuit into 
two separate loops, as shown in Fig. 3-32b. That the two circuits are 
identical may be shown by writing the equation for the input loop in both 
cases, 


Tely Ze]; 


Vi = IR, + Trp + (3-68) 


1 


a l-—a@ 


Fig. 3-32 Circuit for calculating the low-frequency cutoff due to the emitter biasing 
circuit. 


This equation is the same for both figures. By substituting Z, we get 


Te R/U — a) 
Y=], EB + ry + ; + | (3-69) 


—a 14+ pRL, 
R 


3 


I i + 1/R.C, 
= ated (3-70) 
Vi R, Rs + R/U = a) 

Pi ea a 


RRC, 
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Since the voltage gain of the amplifier is directly proportional to J,, the 
above expression is directly proportional to the gain of the amplifier. Thus 
the presence of Z, causes the gain of the stage to have a zero at p= —1/R,C, 
and a pole at p = —[R, + R./(1 — a@)|/R.R.C.. This is the frequency at 
which the reactance of the effective emitter bypass capacitance C,(1 — a) 
is equal to the parallel combination of R, and R,/(1 — @). Equation (3-70) 
has exactly the same pole-zero configuration as the equation describing the 
response due to a cathode bias impedance [Eq. (8-65)]; consequently the 
shape of the response is the same as shown in Fig. 3-30 with the new pole 
and zero frequencies inserted. Again note that the gain begins to drop at 


Fig. 3-33 Circuit for calculating the low-frequency cutoff due to the coupling circuit. 


a frequency considerably higher than w = 1/R.C., the natural frequency 
of the bias circuit itself. In the case of the transistor bias circuit, the source 
impedance driving the stage in question has an important effect on the 
frequency of the pole—the higher the source impedance, the lower the 
frequency at which the gain begins to fall. Notice that the source imped- 
ance usually cannot be increased without limit because of the necessity of 
having resistance from the base to ground to give bias stability, as shown in 
the preceding section. 

Because the source impedance does affect the low-frequency cutoff, the 
effects of the coupling capacitor (C,, in Fig. 3-2) and the bias impedance 
Z. interact to some extent. Consequently the exact low-frequency cutoff 
cannot be found by considering the two circuits separately, as may be done 
in the case of the pentode. However, if the cutoff frequencies of the coupling 
and bias circuit are quite different, the approximate low-frequency cutoff 
may be found by taking the higher of the two frequencies. That is, the 
cutoff frequency of the bias circuit is found by considering C,, to be infinite; 
then the coupling-circuit frequency is found by regarding C, as infinite. 
The circuit for computing the latter frequency is shown in Fig. 3-33, where 
the transistor is represented as in Fig. 3-32b with Z,=0. The cutoff 
frequency for the coupling circuit is that for which the reactance of Cj. 
equals the generator resistance plus the parallel combination of R, and the 
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input resistance of the transistor. The transfer admittance may be written 
as 


i 
LS ena ae (3-71) 
Vi pt+il1/T 
We | R, Ire + re/(L — a) Ry | Co. (3-72) 
ro + 7/1 —-a+R, 
R, 
(3-73) 


k= 

Rhy +75 + re/(l — @)) + [ro + 7re/(1 — @) Ry 
If the cutoff frequency w» = 1/T is considerably different from that com- 
puted for the bias circuit (say at least four times), then the cutoff frequency 
of the entire stage may be taken as the higher of the two cutoff frequencies. 
If the two cutoff frequencies nearly coincide, curves of the response due to 
the coupling and bypass circuits considered separately may be sketched and 
added together (on the assumption that the ordinates are in decibels) to 
find the approximate cutoff frequency for both circuits taken together. The 
cutoff frequency found in this manner in a typical case is about 20 per cent 
lower than the actual cutoff frequency. 

3-7 Calculation of Low-frequency Cutoff Due to the Screen-grid 
Circuit. The calculation of the effect of impedance in the screen circuit 
requires knowledge of how changes in the screen voltage affect the plate 
current. Several methods may be used to calculate the effect of the screen, 
but a most straightforward method, which also brings out quantities which 
are usually neglected, is to write a set of three simultaneous equations 
which relate to Fig. 3-34. 


Ty = yurVi + y12Ve + yisV3 (3-74) 
To = YarVi + Yy22Ve_ + yoaV3 (3-75) 
I3 = y3iVi + ys2Ve2 + ys3V3 (3-76) 


Z,=R,/(1+pR,C,) 


Fig. 3-34 Reference voltages and currents for pentode operation with ungrounded 
screen. 
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Each of the y’s can be defined by measuring an appropriate current with 
all but one V equal to zero; for example, y33 = I3/V3 with V; and V2 equal 
to zero. Hence y33 = 1/rp, the normal plate resistance. For the negative- 
grid pentode at low frequencies J; = 0; hence y1; = yj2 = ¥13 = 0. The 
normal pentode transconductance is ¥31 = Ym} Y21 1s the transconductance 
from the control grid to the screen grid and is given by the relation yo, 
= gml co/Ty, where I-2 and I, are the screen and plate d-c currents, respec- 
tively. The dynamic resistance of the screen grid with all other electrodes 
grounded is 1/yeo = rp2. An approximate value for r,2 may be obtained if 
the plate resistance of the tube connected as a triode (screen and sup- 
pressor connected to the plate) is known: rpo & rp: o:/Tc2, where rp: is the 
triode plate resistance, 7,, is the d-c current to the triode plate, and J,2 is 
the d-c current to the screen. The calculation of these approximate quan- 
tities is based upon the fact that the ratio of plate to screen current is a 
fixed quantity dependent upon the geometry of the tube and relatively 
independent of the plate and screen voltages as long as the tube is operated 
above the knee of the pentode plate characteristics.1_ Because of this yg is 
approximately zero and can usually be neglected. The remaining admit- 
tance y32 represents the change in plate current caused by a change in 
screen voltage and is y3o & (1/rp2)Io/Ice. If necessary, all these quantities 
can be measured with an ordinary vacuum-tube bridge. 


1 An example of the calculation of these y’s is 


As an example of the quantities involved, the data below refer to a 6AU6 operated at 
Ey = 250 volts, H.2 = 125 volts, J, = 7.6 ma, J-2 = 3.0 ma. The measured quantities 
are obtained with a tube bridge; the calculated quantities are determined as described 
in the text. Note the good agreement. 


Measured Calculated 


Im 5,050 »mhos 
Tp 1.41 megohms 
Tot 6.41 kilohms 
(Ey = 125 volts) 


Yar 2,030 umhos 1,992 umhos 
Yor 1/23,300 mho 1/22,700 mho 
Yoz 0.68 »mho 0 


Y32 107 uzmhos 112 umhos 
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To solve for the effects of Z,, we write 


To = yarV1 — Yoot2Z, — since V2 = —IgZ, and y23 0 (3-77) 


V 
_ Yori (3-78) 
1+ yoo%s 
Ts = y3iVi — Ys2leZs + Y33V3 (3-79) 
yseyo1ViZ— 
= ysiVi — ea + y33aV3 (3-80) 


The first two terms in the last equation give the effect of control-grid 
voltage V; on the plate current; hence we may obtain a modified trans- 
conductance which takes into account the effect of Z,, 


Ts YsoY21Zs 
—_—= SSS (8-81) 
Vy ay 1+ Yo2Zs 


If the values previously found for the y’s are substituted into the above 
equation, the similarity to a modified gm is easier to see, 


I3 QmZs/Tp2 ( = Zs ) 


—= aaa 3-82 
Vi Tp2 + Zs ( 


a 1+ Z,/Tp2 ae 


Note that, if Z, = 0, the result is the normal transconductance found with 
V2 equal to zero. Substituting the value of Z, for the screen circuit param- 


20 log [tp2,/ ("2 +R,)) 


Trot Rh, 


R. C, 2h Cy LOE 


Fig. 3-35 Response due to the screen circuit alone. 
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eters given in Fig. 3-27 gives 


Rs 


Z, = ———_—_ (8-83) 
1+ pR,C; 
I R,;/(1 RCs 
Le fee a ooh 
Vi T+ R/A + pR.Cs) 
im 1 RCs 
_ onl + 1/RC) — 


p+ [(tp2 + Rs)/tpoks|(1/C,) 


The pole in Eq. (3-85) corresponds to the frequency at which the reactance 
of the bypass capacitor C’, equals the parallel combination of the dynamic 
screen resistance and the screen dropping resistor R,. The resulting pole- 
zero diagram and frequency response shown in Fig. 3-35 are very similar to 
those for the cathode circuit shown in Fig. 3-30. 

3-8 Low-frequency Response of Cascaded Stages. In the preced- 
ing discussion each of the low-frequency cutoffs was discussed separately. 
To combine the effects due to coupling, cathode, and screen circuits or the 
effect due to several stages, one must know how the functions describing 
the effects combine. As an example, consider a pentode stage with a 
coupling circuit and a cathode bias circuit. In this case the over-all equiv- 
alent circuit using the equivalent for the tube and Z;, as shown in Fig. 3-29 
is that shown in Fig. 3-36. In almost all cases the parallel combination of 
Ry, and the branch containing rp is essentially equal to Rz. Therefore, the 
equation for voltage gain, referring to Eq. (3-65) for the coupling circuit, is 
the product of the functions describing the cathode circuit and the coupling 
circuit, 


Ym Rik, Pp 
A(p) = (3-86) 
1+ 9ImZk Ry + Rg p ols 1/(Rr aig Rg) Cc 
p+ 1/RiCk p 
=~ gh Ry<«<R (38-87) 
A 1 + gmk pt+ 1/RgC ce a 7 
RiC. 


Because the over-all response is the product of the individual responses, 
the over-all pole-zero diagram is merely the superposition of those describ- 
ing the behavior of the cathode and coupling circuits individually, and the 
amplitude (on a logarithmic scale) and phase responses can be added 
together to give the correct over-all response, as shown in Fig. 3-386. Note 
that the necessary requirement for the responses to be multiplied in this 
case was the neglect of a reverse coupling, i.e., output to input; in this case 
the neglected element was r,, which is indeed a good approximation for a 
pentode, but less so in the case of a triode because rp may not be much greater 
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than R,. A situation similar to the triode case arises when both cathode 
and screen effects in a pentode must be included: the screen acts much like 
the plate of a triode as far as the cathode is concerned. Hence the effects of 
the cathode and screen circuit do not exactly add; since, however, an exact 
solution of the low-frequency cutoff is not usually desired, the approximate 
solution obtained by ignoring interaction is frequently employed. A similar 


the cathode f db f 
circuit w 


/\ 
ae Be se 


Due to 


the coupling 
circuit 


(0) (c) 


Fig. 3-36 Low-frequency characteristics of a vacuum-tube stage including the effects 
due to the coupling and cathode biasing circuits. (a) Equivalent circuit. (6) Pole-zero 
diagram. (c) Response. 


Over-all response 


Log w —>» 


effect, exists in a cascade of transistor common-emitter stages because the 
transistor is not quite a unilateral device even at low frequencies; hence the 
effects of successive stages cannot exactly be added, but for most practical 
purposes addition suffices. One can thus conclude that the responses of the 
individual stages of a cascade of grounded-cathode stages may be exactly 
added. If other types of stages are employed, some care should be used in 
combining the responses. 

3-9 Determination of the Amplifier High-frequency Response. 
The determination of the high-frequency cutoff of a pentode stage ! is much 
easier than the determination of the low-frequency cutoff because the only 


1The triode is little used in wideband amplifiers because of the excessive shunting 
capacitance. For example, see Prob. 2-7. 
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significant elements are the shunt resistances and capacitances in the inter- 
stage, as shown in Fig. 3-12. The transfer function for high frequencies 
written in terms of the variable p was given in Eq. (8-14) and is repeated 
here for convenience, 

Gm 1 


A(p) = “C p+ i/RC (3-88) 


where C= Cy + Co 


Ea Pe. Gore Aap ers 
= = or 7, r, , 
Ro Be Re Re Be ee 


The bandwidth of the stage is B = 1/27RC, and the midband gain of the 


stage A = —g,,R. The product of gain and bandwidth is 
Gains bade S OPS (3-89) 
2rC 


and is independent of either the gain or the bandwidth. Thus one can 
attain more gain at the expense of bandwidth, or vice versa. Note that the 
capacitance C will be largely the input and output capacitances of the tube 
plus the additional stray wiring capacitance. Hence the gain-bandwidth 
product is largely dependent upon the tube, since the wiring capacity is 
usually kept toa minimum. More will be said concerning this when we try 
to improve the gain-bandwidth product (or, as we shall see, improve the 
gain/rise-time quotient). 

Let us for the moment leave the problem of improvement to the next 
chapter and find the analogous h-f behavior for a transistor amplifier. Here 
the situation is more complicated because of the more complex equivalent 
circuit for the device. Let us first examine the case of a common-base stage 


(a) A yyy2®Z, +74 (1— a’); hie =jarsC, 
hoy 2"; ho24Zjwl,; a Yage’’ (1 +jw/w,) 
(0) 


Fig. 3-37 Common-base amplifier stage. (a) Actual circuit. (6) Mquivalent circuit 
using high-frequency A parameters. 


76 Lowpass AMPLIFIERS: STEADY-STATE {CHap. 3 


driven from a resistive source R, and coupled to a load R,, as shown in 
Fig. 3-37. Such a situation might arise in the last stage of an amplifier 
which must drive a rather large resistive load over a relatively large band- 
width. Since simplifications to the equivalent circuit for the transistor were 
given in terms of the h parameters in Sec. 2-6, the simplest course at this 
time is to use the h-parameter representation as shown in Fig. 3-37b. The 
approximate values of the h’s are repeated in the figure. Note that the out- 
put is effectively shunted by C, since hag = pC; therefore one reason for 
the gain falling off at high frequencies is the shunting effect of the collector 
capacitance. However, even if Ry were made very small to make the effect 
of C, small, two other effects would still cause an h-f cutoff. One is caused 
by the decrease in current gain as the frequency w, is approached; the other 
is caused by the increase in input impedance Zjn with increasing frequency. 
The following should serve to bring out these three effects analytically : 

First let us calculate the bandwidth of the output circuit alone, assuming 
the input current J, to be constant. 


—hoy Rr - Tage ?? Ry 
1+ hook 1+ p/o.1 + pRiC, 


The bandwidth for constant I, is dependent upon both the alpha-cutoff 
frequency and the “output circuit bandwidth” 1/R,C,. For our example 
we shall assume that the load is a high resistance so that we > 1/RiC., 
thus making the latter factor dominant. 

To find the effect of the input impedance, we may write Z;, in terms of 
the A parameters, 


V2 = —IoR, = (8-90) 


hahi2Z 
Zin = hy -— ——— 3-91 
ae + hoedt el 
Substituting for the h’s and retaining only the first two terms of the series 
expansion for «~?7, we obtain 
1+ p(1/wa — aoT’)/(1 — ao) 


Zin = Le (1 — 
+ re( ao) EE pos 


ag(l — pT)prikiC, 
(1 + p/w.)(1 + pR1C,) 


This expression can be simplified by combining the terms and discarding 
terms in p?, which is a reasonable approximation for the frequency range 
which will be discussed. 


(3-92) 


1+ pl /wq + apT + RiC.)/( — ao) 
Zin & Ze 4(1 — 3-93 
Sones (1 + p/oa)(l + pRiC.) oe 
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To simplify things further, let us first assume that the source impedance is 
large compared with the I-f transistor input impedance, which is true if the 
input circuit is not to limit the bandwidth to a very small value; second, let 
us assume that the load impedance and collector capacitance are sufficiently 
large to limit the bandwidth. These assumptions are thus 


R,> 12 + 7r3(1 — ao) (3-94) 
1 
and RC. > ne + ag? (3-95) 


Note that R, does not need to be very large for the inequality to hold 
because 7; + 73(1 — ao) is typically in the range 10 to 50 ohms. With 
these inequalities satisfied, the approximate value of input current I; is 


as Ve ~~ Ve 
Rg + Zin .. Rg + ré[pRiC./(1 + pRzC.)] 
V,(1 + pRiC.) 


= a 3-96 
R, + (Ry + rh)pRiC. oe) 


The voltage gain for these conditions may also be found by using the 
previous expression [Eq. (3-90)] for V2/T1, 
Ve 1+ pRiC, aohz 


‘V, Re + (Re + rh)pRiC. 1+ pRiC, 
agoht 1 


= a 3-97 
R, 1+ pd + r/R, RC. C20) 


From this rather drastically simplified equation we may now find the stage 
bandwidth, voltage gain, and gain-bandwidth product. 


q; 


1 
B, = WanRDRC bandwidth in radians/sec (3-98) 
Tb/ Lbg) LLU e 
agh 
7 = z (3-99) 
(4 
a 
GB = (A)(B,) = ——— (3-100) 


(Re + 78)Ce 


The largest bandwidth is obtained for a given R, when the source resistance 
is infinite, i.e., when the stage is driven by a current source. However, the 
gain-bandwidth product is then zero; it is increased by decreasing R,, but 
R, cannot be decreased too much, or the preceding approximations become 
invalid. 
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This illustrative calculation for a particular type of grounded-base stage 
illustrates the typical complexity of even a simple transistor circuit and 
further shows that useful results, which may be easily interpreted, can be 
obtained by restricting the solution to a particular range of some variables. 
This technique of restricting the useful range of a solution to obtain simpler 
equations is a powerful and necessary tool on many occasions, and par- 
ticularly in transistor circuits. 


1 
Ceg=—, ' (+eC Rx) 


wire 


Fig. 3-38 Common-emitter amplifier stage. (a) Actual circuit. (6) High-frequency 
equivalent circuit. (c) Circuit with C, represented by a Miller capacitance. 


A similar analysis for a common-emitter stage, as shown in Fig. 3-38, 
proceeds most easily from the hybrid-pi equivalent circuit of Fig. 2-24c, 
repeated in Fig. 3-38b. Note that stray capacitances have not been in- 
cluded because their effect is usually small compared with the effects due 
to the transistor. One should not forget the presence of parasitic capaci- 
tances, however, because their effect may not always be negligible, par- 
ticularly with vhf transistors. 

One difficulty with the circuit of Fig. 3-38b is the capacitor C,, which 
prevents the circuit from being unilateral; i.e., the input circuit is affected 
by changes in the output circuit. The effect of C, may be approximated by 
noting that the current flowing in it is 


I = (V' — Va)jol. (3-101) 


If we neglect the reactance of C, in shunt with R,, which is a reasonable 
thing to do in the usual range of values of Ry; used in common-emitter 
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amplifiers, then V2 is 
—agV’ 
Ve=-—_— RE (3-102) 
Te 


and the current through C, is approximately 


Vv’ 
ia (v Bie Rx) joCe & Vv! [iec. ( rs | (3-103) 


, 
Le re 


Consequently the effect of C, is about the same as connecting a ‘“Miller- 
effect” capacitance of value C.(1 + aoRz/r.) from V’ to ground and omit- 
ting the capacitor C, entirely. The resulting equivalent circuit is shown in 
Fig. 3-38c. Since usually 1/w, rj >> C, and ap & 1, the value for Coq is con- 
veniently approximated by 


I C Ry 


/ /, 
w;Te Te 


Coq = 


1 
~ (1 + wi Rx) (3-104) 
Te 


With the aid of this simplified circuit, the gain and bandwidth are very 
easily found. The voltage gain is 


Ve agky, 1 

To! eed Pe 

Ve (Re afr r)(L — 0) + Te l p(hg + 7b) TeC'eq 

(L~ao)\(Rp+ri) +r, 

(8-105) 

Vo _ aoltt 1 ‘ r, i 

—= —— i A : 

Vz re 1+ p(R, + 78)Ceq [ae 2 +7 (3-106) 


The final approximate equation is usually valid in a video-type amplifier 
because FR, is of necessity small. For the common-emitter amplifier the 
bandwidth 

i re 


(Rp + 1)Cq (Re +) + wR) 


is increased by decreasing the source impedance kz. The maximum obtain- 
able bandwidth, which is obtained by using a voltage source (R, = 0), is 
1/r,Ceq- From this it is seen that a transistor suitable for wide bandwidths 
has a high w,, a low collector capacitance C’,, and low base resistance rj. 

The bandwidth with very large R, may be obtained from Eq. (3-105) 
by finding the limit of B, as R, approaches infinity. 


B, 


IIe 


(3-107) 


1 aed 
FAT a eee 
Ry» 1 + wR LC, 
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This limiting bandwidth (if Ry is small) is the so-called beta-cutoff fre- 
quency, ws & (1 — a)w;, diminished by the effect of C,. This bandwidth 
is approximately that of a resistance-coupled stage, designed to give high 
gain as in an audio amplifier. 

Since a single stage rarely produces enough gain, the multistage situation 
depicted in Fig. 3-39a is of particular interest. Because the output circuit 


; 


an 
Nee ae eee mel foe oe me 
a 


“V, ” =IR;, 
Vv 


(0) 


Fig. 3-39 Cascaded common-emitter stages. (a) Actual circuit. (b) Simplified equiv- 
alent circuit of an “interior” stage. 


of the transistor circuit appears essentially like a current generator, an 
interior stage has a generator impedance of R, and a load impedance of Ry 
also. (Note that, in calculating the gain and bandwidth of To, the stage is 
opened at 2-2’. The bandwidth reduction due to the input capacity of T; 
is taken into account in computing the bandwidth of the third stage with 
R_, regarded as its source impedance.) The bandwidth and gain-bandwidth 
product [both on the assumption that r{/(1 — ap) > R, + 13] are 

B is (3-108) 

= Wt - 

(Rr + 76)(1 + wRiC,) 


aus agkt 
= & 
"(Ri +75) + w:R1C.) 


This time, the gain-bandwidth product is a function of the load resistance 


GB 


(3-109) 
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Ry, and can in fact be maximized by the proper choice of Ry. The value of 
Rz which maximizes GB is 


Rropt & f . (3-110) 
L,opt = ih 
The resulting maximum GB is 
GBax ea (3-111) 
me (1+ Vers)? 


One way of designing a stage is to give Ry its optimum value first and 
then adjust the d-c emitter current for the desired gain and bandwidth 
(A = apRL/r, and r,&kT/qlz). This method of optimization is not 
applicable over a very wide range and with many transistors is only of aca- 
demic interest because w; often depends quite strongly on Iz, particularly in 
drift transistors. Consequently one does better by choosing Jz to maximize 
Wt. 
For estimation purposes the inequality 


GB S (3-112) 


tells us that a rough estimate for the gain of a stage is obtained by dividing 
-w, by the desired bandwidth. 

It is interesting to compare the three amplifier examples discussed in this 
section. In the vacuum-tube amplifier the high-frequency limit is imposed 
by the tube and stray circuit capacitances. Both sources of capacitance 
are of the same order of magnitude. The gain of a stage is inversely 
proportional to the bandwidth. In the common-emitter transistor stage 
the high-frequency limit arises because of the effects of rj, w:, and C,; stray 
capacitance has relatively small effect (on the assumption of normal wiring). 
The gain of a stage is not exactly inversely proportional to the bandwidth. 
In both types of amplifiers the bandwidth is increased by decreasing the 
load and source resistance; in the common-base stage, on the other hand, 
we found that the bandwidth increases with increasing source resistance 
and decreasing load resistance. Numerous other important examples could 
be worked out for the high-frequency response; however, we shall stop at 
this point in the discussion of steady-state response and go on to the discus- 
sion of amplifiers with transient signals, since it is this type of signal that 
the majority of wideband amplifiers must handle. 
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PROBLEMS 


3-1. Write the equations for V2/V, for the circuits shown in Fig. P3-1, and sketch 
straight-line approximations of the amplitude and phase response (V2/V; versus fre- 
quency, etc.). Give the values of the corner frequencies in terms of the appropriate £’s 
and C’s. 


(0) 
Plot for: C,=0, C2 #0 Assume Cy >>C> 
Cz =0, C, #0 
R,C, =R,C, 
Fig. P3-1 


3-2. Find the y parameters in terms of rp and y» for a grounded-grid triode stage. 
Discuss the conditions under which such a stage might be useful. 


+V 


Fig. P3-3 


3-3. A circuit commonly used as a phase inverter, especially in d-c amplifiers, is the 
so-called paraphase inverter shown in Fig. P3-3, where the tubes may be either triodes 
or pentodes. 

a. For two triodes derive an expression giving the voltage gain from the input grid to 
each plate. 

b. Derive an expression similar to that of (a), but using the pentode equivalent circuit 
neglecting rp. Under what conditions might this equivalent circuit be valid for triodes 
as well? 

c. For the following circuit values and the 12AX7 triode characteristics determine the 
value of Re so that the gain to the two plates is identical. R, = 68 kilohms, 23 = 220 
kilohms, » = 100, rp = 60 kilohms. 
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3-4a. Find the exact value of transducer gain for the amplifier in Fig. P3-4a. Assume 
that re = 15 ohms, 75 = 250 ohms, r- = 2 megohms, and a = 0.98. 


Ie 
_ 


Ry=2K 


Biasing 
omitted 
(a) (b) 
Fig. P3-4 


b. Find an approximate value for the transducer gain by replacing the T equivalent 
with the simpler circuit of Fig. P3-4b, which omits r,. Compare the two values of gain 
you obtain, and comment on the circuit conditions which are necessary for approximate 
equivalence between the two values of gain. 

3-5. Find the value of Cc, and C, to give a low-frequency cutoff of 100 cps due to each 
individual capacitor in the transistor amplifier of Fig. P3-5 (ie., make both cutoff fre- 
quencies coincide). Use the data of Table 2-1. 


Vie = +15v 


Fig. P3-5 Fig. P3-6 


3-6. The single-stage transistor amplifier shown in Fig. P3-6 is to have a voltage gain 
Vo2/Vi of 50 and a stability factor of 5. The known circuit values are given in the 
diagram. The transistor is to operate with Tz = —0.5 ma and Veg = +5 volts. 
(Assume that Vgz 0.) At this operating point the transistor parameters are hie = 
‘5,000 ohms; Ayze = 2.5 X 107%; hore = 100; hoze = 50 umhos; Ico = 2 wa. 

a. Give the values for Ry, Ra, Re, and Re. (There is a unique value for each element.) 

b. How low can the low-frequency cutoff be made by increasing C.,? 

3-7. Show that the feedback biasing circuit shown in Fig. 3-26 is actually the same 
as the single-battery biasing circuit shown in Fig. 3-25 by redrawing the circuit. (Some 
of the resistors in the latter circuit will be missing, of course.) Then by substituting the 
appropriate resistors into Iq. (3-58) show that the sensitivity factor is 


es Rr + Ry 
Rr +k — &p¢) 


3-8. The amplifier in Fig. P3-8 is composed of a common-emitter stage driving a 
common-collector stage. Such an amplifier combination might be used to drive a low- 
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impedance load. The transistor parameters are r, = 1 megohm, a = 0.98, re = 6 
ohms, and rp = 500 ohms. (In all calculations it is important to disregard elements 
which have little or no effect.) 

a. Calculate the mid-frequency voltage gain Vz/V,. 

b. Calculate the transducer power gain. 

c. Approximately what are the d-c operating potentials at each element of both 
transistors? 

d. Approximately what is the maximum rms voltage without peak clipping which the 
amplifier will deliver? 

e. Calculate the maximum transducer power gain possible with any source and load 
impedances. What are the source and load impedances which give this maximum gain? 


Voc 


Veco = —20v 


Fig. P3-8 


3-9. A pentode stage using the 6AU6 (use the measured characteristics given in 
Sec. 3-7) is to have a low-frequency cutoff of 20 cps and a high-frequency cutoff of at 
least 2 Mc. Design the stage so that all the low-frequency cutoffs occur at the same 
frequency. Find all the missing values in the circuit of Fig. P3-9. Whatis the maximum 
gain that may be obtained? 


+250v 


C, is the total capacitance at the plate. 


Fig. P3-9 


3-10. The amplifier shown in Fig. P3-10 is a common-collector stage driving a com- 
mon-emitter stage. The purpose of the common-collector stage is to provide a relatively 
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high input impedance compared with the 1-kilohm source. The two transistors are 
identical and have the following low-frequency parameters: re = 15 ohms; ry = 500 
ohms; a/(1 — a) = 50; r, = 1 megohm. The high-frequency parameters are r; = 25 
ohms; 7; = 100 ohms; f; = 20 Me; C, = 10 pf. Use any reasonable approximations for 
computing the following: 

a. Find the mid-frequency voltage gain, that is, V2/V1. 

b. Find the value of the capacitors C and C2 to give a lower cutoff frequency of 20 
cps. Make C; = (1 — a)C2 so that the capacitors have equal effect. 

c. Find the input and output resistance of the amplifier in the mid-frequency range. 


-15v 


Fig. P3-10 


d. As astart on computing the high-frequency cutoff of the amplifier find the Thévenin 
equivalent circuit of the first stage (viewed into the emitter and ground terminals). 
Pick a suitable equivalent circuit with an eye to simple analysis. Neglect the effect of 
C., which is usually a reasonable approximation, and assume that a can be adequately 


represented by 
ao 


* 1+ jw/w 


e. What would the high-frequency cutoff of T; be if it were feeding a 100-ohm load? 
(The capacitance 1/wer; may be neglected here.) 


3-11. An unbypassed cathode resistance is often 
used to decrease the distortion introduced by a stage. 
Compute the output resistance of such a stage as 
shown in Fig. P3-11, and compare it with the output 
resistance of the stage with the cathode bypassed. 


Fig. P3-11 


3-12. It ee shown in Sec. 3-9 that the high-frequency cutoff of a pentode amplifier 
stage is wo, 4 1/RC, where R and C are as defined in the section. Forn stages in cascade 
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call the high-frequency cutoff w,. Show that 


ot Vo 71 


@1 
0.833 
= = 22 
va (* 
Is this expression also good for cascaded resistance-coupled common-emitter stages? 


Why? 

3-13. Show that the reciprocal of the expression derived in Prob. 3-12 gives the rela- 
tion between the low-frequency cutoff of one stage and n identical stages, assuming that 
the cutoffs are due only to the coupling circuits. 


4 


Step Response of Lowpass (Video) 
Amplifiers: Speed of Rise 


Most lowpass amplifiers are required to handle transient signals rather 
than steady-state sine-wave signals. Hence what one would really like to 
know is the behavior of the amplifier with an input similar to that which the 
amplifier must actually amplify. Test data obtained with actual signals 
may be difficult to interpret or to generalize from, although this method of 
testing is used with video television amplifiers. Here the test signal might 
be obtained from a special test pattern, passed through the amplifier, and 
displayed on a picture tube. More usually, however, the transient test 
signal is a step voltage or low-frequency square wave. Such a signal would 
occur in a television system at an abrupt transition from white to black. 
Since the use of an amplifier is most often to amplify a transient signal, it is 
logical to design the amplifier on the basis of its transient response rather 
than its steady-state response. Consequently, we shall consider improve- 
ments on the high-frequency response obtained in the analysis of the last 
chapter on the basis of the transient behavior, rather than merely trying 
to extend the bandwidth. In some ways the transient behavior is more 
difficult to deal with, and in very complicated cases we may have to fall 
back upon steady-state analysis; therefore an additional point of interest 
is the relationship of the transient response to the steady-state response. 

4-1 Pentode Stage—Choice of Tube. Let us begin the transient 
study with the simplest case: the pentode stage shown in Fig. 3-1 with the 
equivalent circuit shown in Fig. 3-12a. The response of this stage to a unit 
step voltage input [w(é)] may be found by assuming V;(p) = £[v,(d)] 
= L£Lfu()| = 1/p; then the output voltage of one stage is [see Eq. (3-88)] 
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=Im 1 
Volp) = Vilp)A(p) = 2C pC pi i/RC (4-1) 
vo(t) = —gnk(1 — «t/FC) (4-2) 


The 10 to 90 per cent rise time 7p and ultimate mane? as a milcsireauency: 


gain A are i . 
ane Pp = 22RO 03 (4-3) 


ergge -> F >a (4-4) 


If one sets out to design the resistance-coupled amplifier stage to give 
both high gain and a small rise time, one is confronted with a contradiction. 
From Eqs. (4-3) and (4-4) it is seen that for a given tube, ie., a given gm 
and C,, one can increase R, to raise the gain but in doing so one lengthens 
the rise time. This proportionality of gain and rise time can be expressed 
as a quotient whose magnitude is independent of R and depends primarily 
upon the tube, 


Gain A Gm (4-40) 
Rise time 7 Tr ~ 2.20 a: 


The capacitance C includes both input and output capacitances of the 
tube (on the assumption that both tubes associated with the interstage net- 
work are of the same type), together with the stray wiring capacitance. 
The latter can usually be made small compared with the tube capacitance, 
and in any case it is apparent that, if two tubes have equal g,, but different 
C, the one with the smaller C will be better. In Table 4-1 are listed the 
transconductances gm, the total capacitance C (which includes 4 pf for stray 


Table 4-1] * 

Tube Cope Co pf C, pf de ceton Gain /rise time, 
psec 

6AK5 4.0 2.8 10.8 5,000 210 

6AG5 6.5 1.8 12.3 5,000 185 

6AH6 10.0 2.0 16.0 9,000 256 

6AU6 5.5 5.0 14.5 5,200 163 

6EW6 9.9 2.5 16.4 14,500 402 

5847 7A 2.9 14.0 12,500 405 

6688 7.5 (40.9) 3.0 (40.5) 14.5 16,500 (+ 2,300) 517 


* All capacitances measured with tube cold (cf. Table 10-7). 
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wiring capacitance), and the A/Tp quotient, which becomes a sort of 
“figure of merit’’ for the tube in a resistance-coupled amplifier circuit. A 
graphical tabulation of many tubes is shown in Fig. 4-1! 


30 


2 a 45 

Off DO fp E 
ara oar i 
| ara 4o 


6 7 8 910 20 
g,,1 ma/volt or thousands of zmhos 


Fig. 4-1 Comparison of tube types for gain/rise time. No allowance has been made 
for wiring capacitance; so any point should be moved vertically by the proper amount. 
Note that points for low-C tubes move farther vertically for a given added wiring capaci- 
tance. Graphical presentation suggested by a similar plot from J. R. Whyte, Electronics, 
April, 1952. 


Although Eq. (4-4a) and Table 4-1 are derived from the properties of the 
elementary resistance-coupled amplifier stage, it will turn out that with 
more complicated networks the same figure of merit for the tube will apply. 
Better circuits will give more gain for the same rise time, but gm/2.2C is 
still a common multiplier for all. 

4-2 Pentode Stage—Choice of Circuit. It might well be expected 
that by going to a more sophisticated circuit than the elementary resistance- 


1For actual computation, the values of capacitance used should be those with the 
tube operating normally, i.e., the “hot” capacitance. For comparison of measured 
values of hot and cold capacitance, see Table 10-7. 
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coupled interstage network one could achieve better performance in terms 
of more gain for a given rise time, ie., a higher gain/rise-time quotient. 
The gm/C ratio of the tube is a universal factor that appears in the gain/rise- 
time quotient for all the circuits; so one should eliminate this as a factor in 
comparing alternative circuits to be used with the same tube. Since the 
resistance-coupled circuit is the simplest, we can use it as a reference and 
divide the gain/rise-time quotient for any other circuit by gn/2.2C. This 
will then give a relative speed, or figure of merit, for the cirewit.! There are 
several basic network structures which can be used; the more complicated 
ones give greater speed, but the designer must decide where to draw the 
line, for beyond some point the added complexity does not give enough 
improvement to justify the added difficulty of design and adjustment (par- 
ticularly in a manufacturing or field servicing situation, where unskilled 
workers are involved). 

4-3 Shunt-peaked Circuit. The first step in circuit refinement 
beyond the elementary resistance-coupled circuit leads one to the so-called 
shunt-peaked circuit,? shown in Fig. 4-2a. This circuit provides a substan- 
tial increase in speed relative to the resistance-coupled circuit, and with 
little increase in complexity. It is probably the most widely used of the 
circuits discussed here. 

It is necessary to specify a parameter that defines the value of L relative 
to Rz and C. Notice that L is a variable to be adjusted after Ry, has been 
chosen to provide the desired gain, since the final value of gain for the 
circuit is gmt; as before and C is fixed by the tube. Let this factor be 
called m, after Valley and Wallman,? defined by the relationship 


4 L 
RC 


1A more complicated figure of merit which employs a factor for the overshoot intro- 
duced by many circuits is given by R. C. Palmer and L. Mautner, A New Figure of 
Merit for the Transient Response of Video Amplifiers, Proc. IRE, vol. 37, pp. 1073- 
1077, September, 1949. To use this figure, it is necessary to know the acceptable limit 
of overshoot for the service intended, e.g., perhaps 2 per cent for television, as suggested 
by these writers. 

2The name is derived from steady-state considerations, where the parallel resonance 
of L and C tends to produce a peak in the curve of amplification vs. frequency. By way 
of contrast, the series-peaking circuit, which enjoyed popularity for a time, employs an 
inductance in series with the coupling capacitor C,. 

3G. E. Valley, Jr., and H. Wallman (eds.), “Vacuum Tube Amplifiers” (vol. 18, M.LT. 
Radiation Laboratory Series), p. 73, McGraw-Hill Book Company, Inc., New York, 
1948. Other writers use the same or similar factors; F. KE. Terman, ‘Electronic and 
Radio Engineering,” 4th ed., pp. 292-296, McGraw-Hill Book Company, Inc., New 
York, 1955, calls the factor Qs, since m is the Q of the circuit at the frequency fo, where 
X,=Rz. Also m = Qo, where Qo is the circuit Q at the resonant frequency 


fo = 1/20-/LC. 


Rt K Rg, tp (4-5) 


m 
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As the factor m is increased from zero (corresponding to the simple resist- 
ance-coupled case) to a value of 0.6 by increasing L for a given combination 
of Rz and C, the step-response curves that result are as shown in Fig. 4-20. 
It can be seen that as m is increased the rise time decreases, with overshoot 
appearing for values of m greater than 0.25. A physical interpretation of 
the effect of adding the inductance is that, in order to charge the capacitor 
C as rapidly as possible, the maximum current should flow from the gen- 


Initial slope = g, /C x 100% (%/ psec) 


t/R,C —> 


(6) 
Fig. 4-2 .A shunt-peaked stage. (a) Circuit. (6) Step response. 


erator into C. Without £ the initial current does flow entirely in C, but as 
the voltage builds up, more of the generator current is bypassed into the 
resistor Rz,. Adding ZL slows up the increasing current in the Rz branch. 
Eventually, with Z made larger, the current build-up in Rz is slowed so 
much that the capacitor voltage overshoots its final value. (Note that if LZ 
were infinite the Ry, branch would be an open circuit and the capacitor 
voltage could increase indefinitely at a rate [/C = gmVg1/C.) 

The figure of merit » of the shunt-peaked circuit, i.e., its speed (10 to 90 
per cent rise) relative to the resistance-coupled circuit, increases with m, as 
illustrated in Fig. 4-3. Also shown is the curve of overshoot, which is zero 
up to m = 0.25 and then increases with m. 

From Fig. 4-3 it can be seen that the most beneficial range of m is from 
0 to 0.25, where the relative speed » increases from 1.0 to 1.4 without any 
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overshoot appearing. Beyond an m of 0.25 the overshoot commences, with 
both 7 and the overshoot increasing, but the latter more rapidly.!_ The way 
in which values of m greater than 0.25 come to produce overshoot can be 
illustrated with the aid of plots of the poles and zeros of the transfer 


2” = relative speed 
Per cent overshoot 


Fig. 4-3 Characteristics of a shunt-peaked stage. 


function (gain) of p, as in Fig. 4-4; this function is 


_ 9m p+ R/L 
A®) =o + p(R/L) + 1/LC oy) 


= Ym P — Po (4-6) 
C (p — pi)(p — pe) 

A study of a table of Laplace transforms, or indeed a more thorough 
analysis,? will show that, when system or transfer functions of the kinds in 
(a), (b), or (c) of Fig. 4-4 are driven by a step function V;/p, the time re- 
sponses contain only damped exponentials which combine to give a mono- 
tonic rise to the final value. On the other hand, when the system function 
contains conjugate pairs of complex poles (off the negative real axis), sine 
and cosine terms can appear in the solution, giving rise to the oscillatory 
overshoot. 


1 Discussions based upon steady-state analysis sometimes mention a value of m = 
0.414 as “critical peaking,” or “critical compensation.” It turns out that this value of 
m is the crossover point between a frequency-response curve that falls off uniformly at 
the high-frequency end—as does the resistance-coupled case—and one that has a peak 
or hump. But from the standpoint of the transient response to a step, this value of m 
has no particular significance (Fig. 4-2b). 

2J. H. Mulligan, Jr., Effect of Pole and Zero Locations on Transient Response, Proc. 
IRE, vol. 37, pp. 516-529, May, 1949. 
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(a) (0) (c) 
Fig. 4-4 Pole-zero diagrams for shunt-peaked stages with different damping (m). 
4-4 Improved Shunt-peaked Circuits. Properly proportioning the 
capacitance shown as C, in Figs. 4-5 and 4-6 can provide improved per- 


formance compared with the simple shunt-peaked circuit. Two parameters 
describe the relations of the elements in Figs. 4-5 and 4-6. One is m 


escent TET 


Fig. 4-5 An improved two-terminal network. 


= L/R°C; the second is 6 = C,/C. By analytically studying the step 
response of the network for different values of § and m, optimum values for 
these parameters may be found for a desired value of overshoot. This isa 
numerical process requiring a great deal of calculation. Values obtained in 


Fig. 4-6 Doba linear-phase network. 


this way by F. A. Muller are tabulated in Fig. 4-51 A similar network 
shown in Fig. 4-6 with a value of m = 0.35 and 6 = 0.22 gives a network 
credited to S. Doba of the Bell Telephone Laboratories. This latter net- 


1F, A. Muller, High-frequency Compensation of RC Amplifiers, Proc. IRE, vol. 42, 
no. 8, pp. 1271-1276, August, 1954. 
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work is known as a linear-phase network because of the linear relation 
between steady-state phase and frequency. The network gives 4 = 1.77 
(i.e., the rise time is 2.2RC/1.77) and an overshoot of about 1 per cent. 
4-5 Other Two-terminal Networks. Further complexity of struc- 
ture can be added to the two-terminal form of network by considering the 
reactance X in Fig. 4-7 to be an arbitrarily extensive arrangement of L and 


roy 
Fig. 4-7 Generalized two-terminal net- Fig. 4-8 The arrangement of L and C for 
work. X in Fig. 4-7 as investigated by Elmore. 


C, as in Fig. 4-8. This situation has been explored by Elmore,! with results 
as follows: (1) the improvement in speed of rise, as each new element (Z or C) 
is added, diminishes rapidly after the first one or two; (2) an ultimate 
improvement factor of 2.12 for an infinite number of elements is indicated 
by the analysis, though not proved conclusively. 

4-6 Four-terminal Networks. A whole family of four-terminal 
networks can be devised which give substantial improvement over the two- 


Fig. 4-9 Four-terminal “linear-phase” network for Ci = C2/2. 


terminal variety. Added complexity results, however, and the response of 
the networks to a step is sensitive to the ratio of C,/Co. 

Two typical examples are illustrated in Figs. 4-9 and 4-10. The former 
is called the “four-terminal linear-phase network” and provides a relative 


1W. C. Elmore, The Transient Response of Damped Linear Networks with Particular 
Regard to Wideband Amplifiers, J. Appl. Phys., vol. 19, pp. 55-63, January, 1948, 
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speed of 2.48 over the resistance-coupled counterpart. A 1:2 ratio of C1:C. 
is assumed in the design. 

The circuit of Fig. 4-10 is commonly called the “series-shunt-peaked 
network.” It assumes a 1:1 capacitance ratio but is less sensitive to devia- 
tion from this value than the network of Fig. 4-9. 


Fig. 4-10 Four-terminal] network for Cy = C2. 


In Fig. 4-11a is a third circuit, this one for a 1:1 ratio of capacitance. 
Failure to realize this ratio results in response waveforms as shown in Fig. 
4-110. 

A network which is faster and more complicated than the preceding 
because of the utilization of mutual inductance is shown in Fig. 4-12. This 


0 05 ‘10 15 20 25 30 35 4.0 
(6) i/[R(C,+C,)] > 


Fig. 4-11 Four-terminal network designed for C; = C2. (a) Cireuit. (6) Step response 
for (1) Ce = Ci, (2) Co = C1/2, (3) Cz = 2C}. 


96 Step Response: Speep or Rise [Cuap. 4 


network has been investigated by F. A. Muller for a range of capacitance 
values. A part of his data are reproduced in the table in Fig. 4-12.! 

The relative speed of the four-terminal networks is substantially greater 
than that of the two-terminal forms. The circuit of Fig. 4-9 provides 
7 = 2.48, while the circuits of Figs. 4-10 and 4-11 give values of 2.06 and 2.1, 
respectively. The circuit of Fig. 4-12 is the fastest of all, but it may not be 
easy to realize physically because of the large values of coupling coefficient 
k required. 


q*C,/(C,+C,) 
a£L,/R,2(C,+C,) 
bAL,/R,7(C,+C,) 
k2Ly/VI\L, 


Over- 
shoot, % | 4 6 ' 0 
0 0.5 0.125 0.250 —0.707 2.11 
1 0.5 0.170 0.373 —0.314 2.76 
1 0.4 0.185 0.364 —0.459 2.95 
1 0.3 0.203 0.386 —0.565 3.16 
1 0.1 0.222 0.449 —0.653 3.46 


Fig. 4-12 Muller four-termina] network. 


The maximum speed of a four-terminal network has not been conclusively 
established ? but is probably in the neighborhood of 4. As in the case of 
two-terminal circuits, the actual networks in practical use fall short of the 
maximum but provide much improvement over the resistance-coupled 
form. More complicated structures than those shown here can be devised, 
but the added speed comes slowly with the extra elements required.® 

4-7 Transient Response of Transistor Video Stages—The Series- 
peaked Stage. The equivalent circuit employed for analysis of transistor 
video stages is that of Fig. 3-38c. One of the two simple interstages is the 
series-peaked circuit of Fig. 4-13. This circuit derives its name from the 
fact that the inductor is placed in series with the input of the following 


1 Muller, op. cit. 

2Valley and Wallman, op. cit., pp. 81-82; also Ph.D. dissertation by George W. C. 
Mathers, Stanford University, 1951. 

3 A class of interstage networks based upon filter theory is presented in a classic paper 
by Harold Wheeler, Wideband Amplifiers for Television, Proc. IRE, vol. 27, p. 429, 1989. 
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stage. The second type of interstage employs an inductor in series with 
R_z, that is, in shunt with the second transistor (Fig. 4-17). This is shunt 
peaking and analogous to the pentode case already discussed. The two 
cases will be discussed in some detail, for the useful relations are again 
approximations, and the details of the approximations must be known for 
the results to be applied properly. 

In discussing either case, the voltage gain taken as V3/V{ will be used, 
although these two voltages are internal node voltages not actually appear- 
ing in the circuit. The voltage gain between any two identical points in 
adjacent stages will be the same as V3/V}, however. 


CAC,, &(1/a,7'.)(1+0,R,,C.) R4r,/(l-a,) 


Fig. 4-13 Transistor equivalent circuit and series-peaked interstage. 


The voltage gain of the series-peaking circuit will be considered first 
because the results are somewhat simpler and are also useful in designing 
an input stage where #,, is then the source resistance in series with a voltage 
generator V,. The transfer impedance Z., of the interstage shown in Fig. 
4-13 is 


z, 4 V2 z Rr R/(rs + Rr + R) 
dy ee LOR a L Reb + “a 
OPER eR WARE Rak Roe RR 
(4-7) 
For convenience define 7 
Rh, =rh+RitRk (4-8) 
Ri +R 
Req = Pada cI0 - (4-9) 
rht+ hi th 


Note that Req is the resistance in parallel with C. With these substitutions 
Za, may be written as 


2 Riik/Ry 
p’(LCR/Ry) + p(Regl + L/Ri) + 1 


221 (4-10) 
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For L = 0 the voltage gain is 
V3 —apZo1 —apkiiR 1 


Ab eee = 4-11 
Vi re Ry, = pRegl +1 a) 


The form of the step response, the constant in the numerator of Eq. (4-11) 
being disregarded, is 
v(t) = (1 — eRe) (4-12) 


The rise time of the uncompensated stage, as for Eq. (4-2), is thus 2.2R.,C. 
If L is increased from zero, the rise time decreases without any overshoot 
appearing until a critical value of Lis reached. To facilitate understanding 
the effect of changing L, write Zo; in factored form, assuming that L/R, 


ah Le 1 ¢—-_ 
‘ Regl 


L=L 


crit 


Fig. 4-14 Locus of the poles of a series-peaked stage as L is increased from zero. 


<R,. gC. This will be shown to be usually true in a video amplifier. The 
two poles of Za1, if L/R, is neglected, are 


—Regl + V Re2C? — 4LCR/R, 


»Po= 4-13 
Pi; po ILCR/R, ( ) 


The locus of the poles 71, po as L varies is shown in Fig. 4-14. The max- 
imum value of LZ without having complex p; and pe is that which makes 
the radical vanish. This value of L gives critical damping. Making L 
larger introduces oscillatory terms which cause overshoot in the output 
waveform. 


ane _ 4LCR 
Reg’? = —— (4-14) 


1 


RiReg?C = -RC(r6 + Rr)” 
Doig ee Ee (4-15) 
4k 4(Rr, + 76+ R) 


Substituting this value of L into Eq. (4-10) gives 


—apRky1R 1 


A = 
= —R IplRaC/ FIP 


(4-15a) 
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The output voltage v9(t) for a step input is 
t 2t —2t/ReqC 
vf) ~ 1- {1+ ra € eal (4-16) 
eq 


The 10 to 90 per cent rise time Tp of v5(é) is then found by numerical 
substitution in Eq. (4-16), 


Tr = 1.7RegCl (4-17) 
The inductor causes an improvement in rise time of 


a rise time of simple resistance interstage 


NER : : ; (4-18) 

rise time of interstage in question 
2.2Regl ie 46 
aie 7c anal 19) 


The addition of enough inductance to give critical damping thus mate- 
rially improves the rise time, but not quite as much as in the pentode case, 
where m = 0.25 gives y = 1.4. 

The inequality which was used to give these results may now be inves- 
tigated. 


Bie 4-2 
re Be BR oe 
This may be written in the form 
1<«4 (1 + 23) 4-2] 
Rr + 7%. val) 


The inequality is sufficiently well satisfied if the stage bandwidth is at least 
a few times the beta-cutoff frequency. Reducing Fz, for shorter rise times 
makes the inequality still more valid. 

It is instructive to form the gain/rise-time quotient for a transistor stage, 
as was done for the pentode amplifier. Using Eqs. (4-11) and (4-12), we 
obtain 


aghr1k 
A= 4-22 
R 1 re ( ) 
A nah L ik 1 
(4-23) 


Tr XR + Ri +16) 2.2RegC 


This may also be written in a normalized form on the assumption that the 
stage in question is one of a series of identical stages, Rp; = Rro = Ry. 
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Note that Rz2 enters into the determining of the value of C [see Eq. 


(3-104)]. 
A nao 


wTe 2201 +7i/Rr) + wiR1C,) 


a se (4-24) 
2.2(1 + 7}/Rr)( + aRy/rf) 


A 
where a = wC or, 


Note that, in contrast to the pentode amplifier, the gain/rise time is not a 
constant but depends upon the ratio of load resistance R, to base resistance 
r, and also upon a = w,C.rj, which is a constant for any given transistor. 

Decreasing the rise time of a stage by decreasing Ry, increases the first 
term of the denominator of Eq. (4-24) but decreases the second term. 
Hence there is an optimum Ry, which gives the greatest gain/rise time. 
This optimum is the same R;, which gave the maximum gain-bandwidth 
product in Eq. (3-110), which is repeated here, 


rh rh 
or — =Va (4-25) 
wiCs Ry sopt 


Ropt = 


Normalized gain/ rise time, A/w, Tz 


r/Rr 


Fig. 4-15 Normalized gain/rise time for an iterative (Rx1 = Rx) transistor stage with 
no peaking. 
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The effect of changing R, on the gain/rise time is easily seen in the graph 
of Fig. 4-15. The gain/rise time is reduced at high values of Rx by the 
effect of the feedback capacitance C’, and at low values of R, by the effect 
of r;. The curves are not exactly correct for very large values of Ry, how- 
ever, because of the approximations in deriving the effect of the feedback 
capacitor (see Fig. 3-38c). The effect of rj and C, is serious in a fast 
amplifier, as can be seen from the value of a = w,riC, = 0.06 for a typical 
high-frequency transistor with f; = 100 Me, ri = 50 ohms, and C, = 2 pf. 
Figure 4-15 also shows the value of gain/rise time which is obtained for a 
series-peaked stage if the value of A/w:;Tp is multiplied by 7 = 1.3. 

The calculation of the required load resistance R, for a given stage rise 
time in a chain of iterative stages involves the solution of a quadratic; 
however, a graph can be prepared which simplifies the calculation. The 
rise time for the series-peaked stage (after substituting for Reg and C) is 

22 R(Rr+7) 1 


Pi nee 
n R+Rkr+% wire 


2.2 Rr, + rb 1 


Oe aise 1 C, “t) 4-26 
# Fate rhe ~( + wart 20) 


R 2.2rb (R. R 
rat + REM) BH 4 ator) can 
To 
[ ee en cere ee | 


R noire \ 1b 
pes ape 


=TR =T; =a 


rat! + wRrC,) 


In the usual case Tz is approximately equal to 7’p, although the former is 
always somewhat smaller. The modified rise time 7"z is now only a function 
of R,/r, which is what we seek, and of two quantities depending only upon 
the transistor characteristics: a < wriC. and T; 4 2.2r',/nw rt. Hence we 
may plot T';/7T, as a function of Rz/r; for some typical values of a. This 
is done in Fig. 4-16, which is useful for both the uncompensated stage and 
the series-peaked stage by taking 7 to be 1.0 and 1.3, respectively. Although 
it might appear from an inspection of Fig. 4-16 that the load resistance is 
proportional to rj for a given Tp, this is not true, for the rise time is also 
normalized by 7}. Hence, although 7% is important in determining Pz, a 
small error in the measurement of 7; will not lead to a proportional error 
in Ry or rise time. 

To find the exact Rz for a desired rise time, an iterative process must be 
used, since 7'p is not exactly equal to Tz. As an example, assume that the 
characteristics of a transistor are 


r, = 50 ohms C. = 5 pf 
r, = 10 ohms 1 


w, = 2 X 10° radians/sec 1 — ap 


50 
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Then a = wriC, = 0.05, and 7; = 2.2ri/nwr) = 4.23 X 10°° sec (for 
n = 1.8). 

Suppose that the load resistance Ry, for a stage rise time of 0.15 usec is 
to be found. For a first trial take Tp = 0.15 usec; then T/T, = 3.54. 


60 
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Fig. 4-16 Load resistance as a function of stage rise time (for iterative stages, that is, 
Rr = Fre). 


Figure 4-16 gives R,/r, = 2.2 or Rp = 110 ohms. The ratio T’e/Tr = 1 
+ (Rr +73)/R = 1+ (110 + 50)/500 = 1.32. Hence the actual rise 
time obtained with the 110-ohm load resistor is 0.15/1.382 = 0.114 usec. 
To obtain a more accurate value, a modified value of Tz may be used, 
which is (0.15)(1.32) = 0.198 0.2 wsec. This value of Tp leads to Ry 
= 155 ohms and to a calculated Tr = 0.142 usec. If this value is not 
close enough to the desired Tr, the process may be repeated; however, the 
approximations in the equivalent circuit make the use of extreme precision 
in these calculations of doubtful value. 
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4-8 The Shunt-peaked Transistor Interstage. The shunt-peaked 
interstage shown in Fig. 4-17 has no more elements than the previously 
described series-peaked stage but has considerably improved performance. 
The transfer impedance of the shunt-peaked stage is 


(RRii/(Ri1 + rb + BR) (pL/Rii + VY) 


p°RLC KE + Rr)RC L ; 
Rn tri+k Rutw+kR Rnitn+R 


Zo = (4-28) 


This equation has the same denominator as the equation for the series- 
peaked circuit; however, there is now a zero in Zo; at p = —Rz,/L = ~2Zp. 


CL(1/u,r! (1 +0,R72Ce) R4r!/(1—a5) 


Fig. 4-17 A shunt-peaked transistor interstage. 


Again the value of Z may be chosen so that critical damping is obtained— 
this will require the same value of L as before, 


rh + Rz)°RC 
Levit = ae (4-29) 
4(Rz1 + 76+ £) 


For this value of Z the poles of Za; are in the same position as for the 
series-peaked circuit, 


BR tritR) 2 
Ra ee ee RE” Hee 


(4-30) 


To compute the rise time for the interstage, we must also consider the 
effect of the zero in Z21; consequently the form of gain function we must 
consider is 
_K(pt2) _ K's + 20/1) 


A(p) = - 
_ (p + pi)? (s+ 1)? 


(4-31) 


where = Ls 
P1 
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The rise time may be found from Eq. (4-81) by calculating the response to 
a unit step for various values of zo/p:. To find the range of values for the 
latter, we find 

2 2 


— = (4-32) 
Pi 1+ 1t/Rii 

Hence the maximum value of 29/p; is 2; the minimum value that is useful 
is probably in the neighborhood of unity since Ry, < 7, leads to very low 
gain. From calculations of rise time for various values of zo/p, the rise- 
time improvement factor » may be calculated as a function of zo/p,. For 
the shunt-peaked interstage, 7 as a function of r}/Rz, is shown in Fig. 4-18. 


Saeaae ae eee 
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7, tise-time improvement factor 
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Fig. 4-18 Rise-time-improvement factor for a critically damped, shunt-peaked tran- 
sistor stage. 


The value 7 = 1.44 for large values of #1 is somewhat better than that 
obtained for the series-peaked interstage, but in the range of r}/Iz1 fre- 
quently encountered in a fast amplifier the value of 7 obtained for the 
shunt-peaked stage is very considerably better. The improvement ob- 
tained by using shunt peaking is graphically shown in Fig. 4-19, where 
normalized gain/rise time is shown as a function of 7;/R,, for an interstage 
with no peaking, with series peaking, and with shunt peaking. These 
curves are for the iterative situation, Ry; = Rr2z = Ry, as in a chain of 
identical stages. 

The rise time of the shunt-peaked stage is given by Eq. (4-26) with 
appropriate values of 7; however, the equation must be treated differently 
to find Ry for a required rise time in a chain of identical stages, because 7 is 
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now a function of rj/Rz,. Equation (4-26) may be written in the form 


Ri +r\ 2.2 f1/R R 
Tp ( + a “) oe |- (= i i) (1 + will, =| (4-33) 
To 


? i 

Wile n Td 
u a3) ——, ener, 
= Tr = T, =a 


The quotient 7’;/T.2 is now a function of R,/r, and transistor parameters 


Gain/rise time, A/w, Tp 


r/R, 


Fig. 4-19 Comparison of normalized rise times for three interstage networks using a 
transistor having a = 0.05. 


since 7 = f(Rz/r,). A graph of Rz/r; as a function of 7"p/Tpr for various 
values of a = w tC, is shown in Fig. 4-20. The use of Fig. 4-20 and Fig. 
4-16 is identical, but Fig. 4-20 is valid only for shunt-peaked stages, since 
the value of 7 is ‘built in” instead of appearing in 7). 

The step responses of the three types of transistor video interstage are 
compared in Fig. 4-21. These curves may be considered to be the response 
obtained by keeping Fz fixed and changing L to the proper position in the 
circuit and the proper value for each curve. Note that, although the rise 
time is reduced by series peaking, the time delay is increased. This results 
because dV /di is zero at ¢ = 0+ in the series-peaked stages, whereas dV /dt 
is maximum at t = 0+ for both the unpeaked and shunt-peaked stages. 
Although the series-peaked circuit is inferior to the shunt-peaked with 
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regard to rise time, series peaking is useful at the input of a transistor 
amplifier driven from a resistive source. 

A comparison of the results obtained by peaking circuits for both the 
vacuum tube and transistor shows that comparable values of » may be 


10 
9 
8 
7 
© 6 
~N 
pe 5 
i 
E 4 aR bo 
| (Fe 4£2.2r;, w, ri) 
3 
L (a *w,7;,C,) 
2 
1 
0 8 10 12 


T/T 


Fig. 4-20 Normalized load resistance as a function of normalized rise time for a shunt- 
peaked stage (Rx1 = Rr). 


obtained for both cases, with the same degree of circuit complexity. The 
solution of the transistor case is more complicated, however, primarily 
because of the presence of r, and C,. Four-terminal interstages can be 
devised for transistor use also, but they have one limitation not present 
in pentode-tube use: the higher gain is obtained by an impedance-trans- 
forming action at the higher fre- 
quencies; i.e., the input impedance 
of the interstage tends to become 
large at high frequencies. For 
transistor use this action tends to 
accentuate the effect of C, in the 
No peaking transistor driving the interstage: 
thus the bandwidth of the previous 
stage is reduced by more than the 
Miller-effect capacitance calculations 
0) 1.0 2.0 of Eg. (8-104) would indicate. 
t/RegC Hence the increased gain/rise-time 

Fig. 4-21 Step response of a transistor quotient obtained by the four-ter- 
stage. minal interstage is somewhat offset 


= 
° 
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by the decrease in the bandwidth of the driving stage. The effect is, of 
course, to some degree present even in the transistor peaking circuits dis- 
cussed herein. 

4-9 Amplifier Stages in Cascade. In general, a single stage of 
amplification is not adequate to meet the gain requirements of a system, 
and hence several stages will be connected in cascade. The question arises 


Normalized output 


t=1/RC 
Fig. 4-22 Step response of an n-stage RC amplifier. 


as to the over-all response of the system when the responses of the individual 
stages are known. Of course, the entire system could be analyzed as a 
formal circuit problem, but there are some simple rules of great general 
value. 

The nature of the transient response of several pentode stages (identical) 
in cascade is illustrated in Figs. 4-22 and 4-23; both curves are from Valley 
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Fig. 4-23 Step response of n stages each having |A| ~ 1/W/1 + ( f/10°)? (1 Me band- 
width). 
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and Wallman.! The stages shown in Fig. 4-22 have no peaking and have 
no overshoot. The response of the stages in Fig. 4-23, on the other hand, 
is the step response of a rather complicated interstage adjusted to have a 
very flat, steady-state amplitude response, with substantial transient over- 
shoot in even a single stage. 

The two figures show the general properties of the increasing delay time 
and rise time resulting as the number of stages is increased. Moreover, if 
there is overshoot in a single stage, the amount of this increases as stages 
are added. On the other hand, if there is no overshoot in a single stage, the 
adding of stages will not introduce overshoot (Fig. 4-22). 

The quantitative details are of interest. Various attempts have been 
made to analyze the problem, some based upon an empirical study of cas- 
cades of particular circuits.?. The analysis is quite laborious, even if the 
network functions and their inverse transforms are simple, because of the 
arbitrary definition of the rise time in terms of the 10 and 90 per cent 
levels. For instance, the network function for a cascade of resistance- 
coupled pentode stages, whose response in time is given in Fig. 4-22, is 
simply 
V output for n stages = 


eee (—gmR1)" gic roe 


) Vialp) (4-34) 


To get an answer in terms of normalized time t = t/R,C, take s = pR,C 
as the variable. Assume a unit step as the input, Vin = 1/s, 


1 
Va = 4. 
(s) LD (4-35) 
r=n—1 t’ 
Inverse transform v(t) =1—et > (4-36) 
r=0 T: 


(Norz: 0! = 1.) Equation (4-36) describes the family of curves in Fig. 
4-22. Unfortunately there is no correspondingly simple expression to 
describe the rise time 7g as a function of the number of stages; one must 
compute the function v,(t) for each value of n, determining the time 
between the 10 and 90 per cent levels. Valley and Wallman give the 
results for values of n up to 10. These are given here in Table 4-2. 


1See also A. V. Bedford and G. L. Fredendall, Transient Response of Multi-stage 
Video-frequency Amplifiers, Proc. IRE, vol. 27, p. 277, April, 1939. 

2Valley and Wallman, op. cit., pp. 65-66, 77-78; Bedford and Fredendall, ibid.; 
H. E. Kallman, R. E. Spencer, and C. P. Singer, Transient Response, Proc. IRE, vol. 
33, pp. 169-195, March, p. 482, July, 1945; D. G. Tucker, Bandwidth and Speed of 
Build-up as Performance Criteria for Pulse and Television Amplifiers, J. JHE, vol. 94, 
pp. 218-226, May, 1947. 
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Table 4-2 


No. of stages, 7 


3.14 
3.11 


2.9 
2.91 


1.0 15 1.9 2.2 2.5 2.8 
1.56 1.91 2.2 2.46 2.7 


* Rise time 7'g divided by 2.2RC. 
+ Approximation by 1.1+/n as in Eq. (4-38). 


The results of empirical studies such as these can be summarized into 
several working rules, as formulated by Valley and Wallman: 
1. In circuits having little or no overshoot, the over-all rise time Try 
is approximately given by! 


Tran = V Tri? + Tre? + Tre? +++++ Tre? (4-37) 


la. A better approximation for identical stages (Table 4-2) is 
Tern =11VnTp1 (4-38) 


2. In circuits having little or no overshoot, the total overshoot for n 
stages is essentially that of a single stage. 

3. If the overshoot of a single stage is in the order of 5 or 10 per cent, 
then the total overshoot goes as the square root of the number of stages. 

3a. When the stage overshoot is 5 or 10 per cent, the total rise time is 

somewhat less than that given by rule 1. 

Of the above rules, the first is perhaps the most important. There are a 
large number of cases in which the overshoot must be kept small and one is 
concerned with rise time alone. A valuable contribution to the analysis 
of this case has been made by Elmore,’ putting rule 1 on a somewhat more 
rigorous basis. 

To follow Elmore’s analysis, we first redefine the delay time and the rise 
time to be functions which are more readily expressible yet which give 
essentially the same numerical results in typical circuits as the previous 


1 Elmore, op. cit. See also related papers: W. C. Elmore, Electronics for the Nuclear 
Physicist, Nucleonics, vol. 2, pp. 4-17, February, pp. 16-36, March, pp. 48-55, April, 
pp. 50-58, May, 1948; W. C. Elmore and M. Sands, “Electronics: Experimental Tech- 
niques,” chap. 3, National Nuclear Energy Series, McGraw-Hill Book Company, Inc., 
New York, 1949. 

2 The Transient Response of Damped Linear Networks, loc. cit. 
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definitions. The delay time T'p is defined in terms of the impulse response, 
or, what is the same thing, the derivative of the step response. In Fig. 4-24 
is shown a step response v(t) and in Fig. 4-25 its corresponding impulse 
response v’(£). The 50 per cent level of v(t) was the previous definition of 
Tp; the maximum of v’(t) might have been equally good and would give the 


1.0 


v(t) v'(t) Area =1 


t t 


Fig. 4-24 A typical step response. Fig. 4-25 Impulse response correspond- 
ing to the step response of Fig. 4-24. 


same value of Tp in many cases. Instead of either of these, however, 
Elmore uses the centroid of the area under v’(é), 


i ty’(t) dt 
0 


Lp = (4-39) 


[ f (t) dt 


or, for a normalized step response v(t) of height 1.0 as in Fig. 4-24, 


Tp = / iw’ (t) dt (4-392) 
0 


It should be noted that this definition is not well suited to functions o(t) 
that have overshoot, for in such cases there would be negative areas occur- 
ring in v(t) and these would improperly alter the value of Tp. Hence this 
definition and the derivations to follow should be restricted to monotonic 
or non-overshoot responses. But to judge by the results of the empirical 
studies referred to previously, the results can probably be applied to cases 
of small overshoot, say less than 5 per cent. 

The new definition of rise time 7’ is based upon a quantity known as the 
“yadius of gyration” in kinematics or as the “standard deviation” in 
statistics, 


Tr’ = const X | (t — Tp)?v'(t) dt (4-40) 
0 


[Note that i; v(t) dt = 1 is implicit in the denominator.] The value of 
0 
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the constant can be chosen arbitrarily to make the numerical values come 
out right. Elmore uses 27, because this makes the rise time computed for 
an infinite number of resistance-coupled stages! agree with the value 
obtained for the rise time in terms of the maximum slope, which is 


area under v’() 
Te 
® max value of v’ (t) a) 


An alternative form of Eq. (4-40) with the constant inserted is 
Tp? = 20 | i tv’ (t) dt — | (4-42) 
0 


Before proceeding further with the analysis, it might be well to see what 
kind of numerical values come out of these definitions for Tp and Tp and 
compare them with previous definitions: 


Shunt-peaked 
RC stage stage, m = 0.25 

Tp: ; 

Defined as t/RC to 50% level........ 0.7 0.6 

Defined by Eq. (4-39)............... 1.0 0.75 
TR: 

Defined as ¢/RC between 10 and 

90% levels..............2.00005 ..| 2.2 1.57 * 
Defined by Eq. (4-42)............00. 2.5 (4/2n) 1.66 t 


* Improvement over AC is 1.4. 
t Improvement over KC is 1.51. 


As can be seen, the two definitions of Tr agree moderately well. The 
agreement would be even closer for a large number of resistance-coupled 
stages because of the basis for selecting the constant 27. 

Now we come to the problem of determining the rise time and delay time 
for a cascade of stages. We do not yet know how the time responses for 
several stages combine, but we do know that the voltage gains A;(p) com- 
bine as a continued product in a cascade of amplifier stages consisting of 
ideal pentodes as unilateral coupling elements separating the interstage 


1Tn this case the response v’(t), as well as v(t) and the steady-state amplitude response, 
approaches a gaussian error function; see Valley and Waliman, op. cit., pp. 723-724. 
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networks. Thus, the gain function for a cascade of n stages (see Fig. 4-26) 
as a function of the complex frequency variable p is given by 


Vip) x 
= A; -4 
Vo(p) I (p) (4-43) 
where Vo(p) = voltage at input of Ist stage 

Vn(p) = voltage at output of nth stage 

A,(p) = gain function of ith stage = V,(p)/Vi_1(p) 
The next step is to normalize each of the A,(p) by dividing by ~—gnRz, so 
that the normalized gain for each stage is unity. Then we drive the circuit 


An(p) = 


ist stage ith stage nth stage 


Fig. 4-26 Nomenclature for the stages in a multistage amplifier. 


with a unit impulse, ie., the time derivative of a unit step, so that Vo(p) 
= 1.0 (which is the Laplace transform of the unit impulse). : 


n 
an(p) = Vr(p) = J] a(p) = £fvn(t)] (4-44) 
1 
Normalized Normalized 
over-all gain gain function 
function of the 7th 
stage 


We take next the general expression for the Laplace transform, expand 
e* in a power series, integrate term by term, and gather and identify 
terms with the definitions of Eqs. (4-39) and (4-42). 


an(p) = Vrlp) = | vh(t)e?! dt 
0) 


ie) 2 
=[ vh(t) [! ajege i? --] dt 
fe 2! 


re) 


a 2 
=1-pf w(t) de +E tun (t) dt — ++: 
" 2! Jo 


2 
+ Tox?) Spi (4-45) 
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where T’py = delay time of n stages 

Trn = rise time of n stages 
Note however that a similar relationship holds for the ith stage (one stage 
only). 


p (Tre 
aj(p) = 1 — pTpit+ Z( + Tp’) ate (4-46) 
2! \ Qr 


Now, since a,(p) is the continued product of the a;(p), we take a continued 
product of series like Eq. (4-46) and gather terms in like powers of p, giving 


an(p) = [J a,(p) 
1 


2 Tri 
1-pEMm+E(¥ = + Eto? + E Tits) ~- 


(4-47) 


Finally, we compare Eqs. (4-45) and (4-47) and equate the coefficients 
of the p and p? terms, giving the following results: 


Ton = >, To: (4-48) 
1 

Tern’ = Tr? (4-49) 
1 


The important result of Eq. (4-49) verifies the previous equation (4-37) in 
showing that the over-all rise time is the root mean square of the individual 
rise times of the stages. And Eq. (4-48) shows that the over-all delay time 
is the simple sum of the individual stage delay times. 

Some of the by-products of Elmore’s analysis are of interest. For 
instance, if one has a cascade of similar stages, should all stages be designed 
for the same gain and the same rise time, or might something be gained by 
having high gain and slow speed in one stage but counterbalanced by low 
gain and high speed in another stage? The answer apparently is that the 
minimum. over-all rise time for a given gain ts achieved by making all stages the 
same (see Sec. 4-10). The proof involves the use of Lagrange’s method of 
undetermined multipliers, operating upon Eq. (4-49) and another equation 
which results from the fact that the rise time of each stage is proportional 
to the gain, since both are proportional to Rr. 


J] 4:~ ]] Te: = const for specified gain 
1 1 
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For the condition of all stages identical, a simpler form of Eq. (4-49) is 


Ti = TEN a (4-50) 


Another interesting result is that there can be found an optimum gain 
per stage in order to achieve a given over-all gain with the minimum over- 
all rise time. This gain per stage is ~/e = 1.65 and is derived as follows: 


Tern = Vn Tr: 


A; 
= Vn —<—— 
19m/V 2m C 


(A;)'® 
SaaS 
ngm/V 2x C 


(4-51) 


where » = efficiency compared with RC stage (as in Fig. 4-3). 
Solve for dTrn/dn, and equate to zero to find Try, min. The minimum 
value of Try for a specified A, occurs when 


n=2InA, (4-52) 
A; = A," = A,N@ An) = ¢% = 1.65 (4-53) 
‘ Vln An i 

Se ee titel Von C ( ra ) 


Note that Eq. (4-54) gives the rise time according to Elmore’s definition; 
for the 10 to 90 per cent value, replace 1/27 by 2.2. 

The relationships given above have some practical limitations and require 
some judicious interpretation and application. First note that 7 has the 
same value, regardless of tube type or circuit type; for instance, if A, is 
10° (100 db), Eq. (4-52) says that 23 stages are called for, whether one uses 
6AU6 or 6GAH6 tubes. But it does not say that the same minimum rise time 
results in either case; from Table 4-1 and Eq. (4-54) it will be found that the 
6AU6 would give 258/¢3, or 1.57, times as great a rise time as the 6AH6. 

Also, the minimum of the rise-time function in Eq. (4-51) is a broad one, 
and one can violate the minimum conditions by quite a margin without 
serious detriment to the over-all rise time. Elmore provides an example 
of a 6AC7 amplifier (gm = 0.009 mho, C = 22 pf, 7 = 1.5) in which the 23 
stages required for the 100-db gain give a rise time of 0.032 usec; yet, with 
only 9 stages to give the same gain, the rise time is 0.044 usec. Thus, the 
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rise time is impaired only 37.5 per cent for a 48 per cent reduction in the 
number of stages. Moreover, the larger load resistor in the latter case (400 
ohms instead of 180 ohms) permits a larger output voltage to be realized 
from the amplifier (222 per cent greater). 

4-10 Amplifiers with Nonidentical Stages. The conclusion that 
an amplifier should be made up of identical stages for minimum rise time is 
obtained by an analysis which is invalid if any of the stages has overshoot. 
Hence there would seem to be the possibility of designing an amplifier in 
which some stages have large overshoots (large m) coupled to other stages 
which tend to reduce the overshoot. Attempts to design such an amplifier 
on the basis of the steady-state amplitude response have usually resulted in 
amplifiers with excessive over-all overshoot.'? Designing the amplifier on 
the basis of a linear steady-state phase response gives an excellent transient 
response; ? however, the most straightforward data to interpret for the 
transient case are given by F. A. Muller. Either the linear-phase response 
or the Muller data give a faster amplifier than is obtained by using identical 
stages. Since the Muller data have the advantage of giving a specified 
overshoot, they will be presented here. Each stage of the amplifier is a 
shunt-peaked stage (Fig. 4-2a, where L may be zero in some stages). The 
data for each stage are given in terms of m = L/R,7C, as before, and a 
normalized r which is defined as 


A 7% 
n= 


(4-55) 


(ritats +++ T)'™ 


> 


where re = R(Cia + Cox) = RC; (4-56) 


In Eq. (4-56) C; is the total capacitance, and R; is the load resistor of the 
ith interstage. Table 4-3 gives the value of r; and m; (where m; = L;/R;?C;) 
for each stage. The rise time of the whole amplifier is given in normalized 
form as T. The actual rise time Try of the whole amplifier is given by 


Trn = (t17973 +++ Tn)!" T1 (4-57) 


If the amplifier is to be designed for a given over-all rise time and the gn, 
and C; of each stage are known, the load resistor for an individual stage is 


_ "Ten 
C;T, 

1A. Easton, Stagger Peaked Video Amplifier, Electronics, vol. 22, p. 118, February, 
1949. 

2J. H. Mulligan, Jr., and L. Mautner, Steady-state and Transient Response of Feed- 
back Video Amplifiers, Proc. JRE, vol. 36, pp. 545-610, May, 1948. 

*G. A. Caryotakis, Iterative Methods in Amplifier Interstage Synthesis, Stanford 
Electronics Lab., TR-86. 

4 Muller, op. cit. 


(4-58) 


a 
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Table 4=3 


2 stages...... 1 0.482 | 1.400 | 2.073 |} 0.3825) ... ae aaa 1.58 
3 stages...... 1 0.252 | 4.434 | 1.058 | 0.953 | 3.754 | 0.318] .... 1.78 
2 stages, 

leoil...... 1 0.838 | 0.753 | 1.190 | 0 Sues ae wine 1.91 
3 stages, 

2 coils...... 1 0.335 | 3.087 | 1.580 | 0.565 | 1.889 | 0 punss 1.92 
5 stages, 

3 coils...... 1 0.135 | 16.5 0.63 | 1.90 | 2.23 | 0.51 2.30 | 2.28 


The resulting over-all gain is 


: “ 9m.iTiT RN 
La 
1 t (Gls 
any " Jmsi 
= {— 4-59 
( Ty II C; ey 
n 
since Il =1 
1 
If the stages have identical capacitances and g,,’s, the above equation 
reduces to 
TrNn te 
A, = (“xe 4-60 
qT, C (4-60) 


On the other hand, if the over-all gain is specified, the individual load 
resistors are given by 


T; A 1% 
R; = — |———"—_ (4-61) 


Cj | 2 
TL Gm.i/C2) 


The resultant over-all rise time is 


1 
An In 
n 


II (Gm,i/ C3) 


Trn = 1; (4-62) 
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If the stage g,’s and capacitances are again identical, we obtain 


ri{An) oe 
R; = ————— (4-63) 
Ym 
T, ( A ~) lj/n 
| A ie aeaaaeeryceen (4-64) 
Gm/C 


As may be seen from the data in Table 4-3, the rise time of a multiple- 
stage amplifier using these “staggered-peaking”’ techniques increases much 
more slowly than as the ~/n. Muller notes that the increase in rise time 
is more nearly proportional to n”. 

A specific example will indicate the advantages of the stagger peaking. 
Comparing the rise time of a five-stage amplifier using shunt peaking 
(m = 0.815 to give approximately 11 per cent over-all overshoot) with the 
rise time of a five-stage staggered amplifier having the same gain but with 
coils in only three stages, we find that the ratio of over-all rise times is 1.4:1. 
Thus the staggered amplifier is faster and has fewer elements. If the 
amplifiers are compared for the same over-all rise times, the ratio of the 
gains obtained is (1.4)° = 5.4; thus the staggered amplifier has about 14.6 
db more gain. Staggered amplifiers with fewer stages show significant but 
less dramatic improvement. 

Note that the value of m is great enough in some stages to cause enormous 
overshoot (m = 16.5 in stage 1 of the five-stage example); hence the 
previous analysis by Elmore is here invalid. The order of stages is of little 
importance if high output level is of no consequence. However, a stage 
with large r; may be used for the output stage to provide a larger available 
output voltage. Stages with large r; at the output end of the amplifier have 
a large overshoot in their input waveform which may cause overdriving of 


Two stages 4 


One stage (one coil) 


x 
-4-3-2-1 


Fig. 4-27 Pole positions for a staggered video amplifier. Each amplifier gives a 1-sec 
rise time and 1 per cent overshoot. (All coordinates in radians per second.) 
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the grid. Thus it is impractical to 
use the advantage of the large load 
resistance to the fullest extent. 

There is some advantage in using a 
stage with high r; for the input stage, 
too, since this gives large stage gain 
to help overcome noise in subsequent 
stages. As a consequence of these 

Frequency, radians/ sec two considerations, the stages with 

Fig. 4-28 Frequency response corre- pe amounts of peaking (the vsiges 

Spending? ty the vole positions of Kis: with the largest m and lowest r;) are 

4-27, best placed in the middle of the 
amplifier. 

The pole-zero diagrams for these stagger-peaked amplifiers show that the 
poles lie very nearly on a line of constant o. Three examples of the pole- 
zero diagrams are given in Fig. 4-27. Each of these sets of pole locations 
yields an amplifier with 1 sec rise time and 1 per cent overshoot. The 
amplitude response for the two-stage (each stage peaked) example is shown 
in Fig. 4-28. 

Presumably the same sort of improvement in multistage amplifiers could 
be achieved in a transistor amplifier. However, the situation with tran- 
sistors is much more complicated because the position of the zero in a shunt- 
peaked stage does not bear a constant relation to the real part of a complex 
pole as it does in the vacuum-tube case. In a shunt-peaked vacuum-tube 
stage z, = 2Repi, where 2, and p, are the zero and complex pole 
positions. Hence the Muller data cannot, in general, be directly applied 
to the transistor case. 

4-11 Output Stages. Most amplifiers have, in addition to the require- 
ment for a certain amount of gain between input and output terminals, a 
requirement for the amount of voltage (or power) that may be needed at 
the output. The maximum output voltage is limited by the amount of 
plate current that can flow through the load resistor of the last stage. The 
highest value that can be achieved—without regard to the requirements of 
linearity—is that of a step function which carries the plate current from 
zero to the maximum rated value for the tube. This rated value differs 
from tube to tube, and one would tend to choose a tube with a high current 
rating. But since the rise time of the output stage enters into the total 
rise time of the amplifier, one must consider this factor as well. Several 
tubes can therefore be compared on the basis of a new figure of merit suit- 
able for output stages as proposed by Wallman;! this is the ratio of maxi- 
mum voltage output to rise time and depends upon the output capacitance 
C, of the tube and the capacitance of the load Cz. As an example, several 


1 Valley and Wallman, op. cit., pp. 103-104. 


1 
re Oo 


l 
i) 


Relative gain, db 


Sec. 11] Output StaGEs 119 


Table 4-4 
Vmax/ Tr, 
Tube To, max; ma Co volts /psec* 
6AU6 10 5 182 
6AK5 10 3 am 
6CL6 30 5.5 248 
6V6GT 45 75 750 
6L6G 75 10 aie 


* Computed for C, + 20 pf. 


tubes are compared in Table 4-4 for a 20-pf load, such as might be en- 
countered with the deflection plates of a cathode-ray tube. 


Vmax = Ib,maxftt (4-65) 
Tr = 2.2R1(C, + Cr) (4-66) 

V mex To,m 
mee (4-67) 


Tr 2.2(C, + Ci) 


While the data of Table 4-4 give a relative rating to the tubes listed, the 
actual number of volts per microsecond that is obtainable may vary with 
the practical circumstances. The values listed assume either that the tube 
carries rated current with no signal, and that a negative-going step cuts off 
the current entirely, or the opposite of this, i.e., that the current is cut off 
in the quiescent state but turned full on by a positive-going step at the 
grid. If the amplifier must accommodate steps of either polarity, the 
quiescent operating point would accordingly have to be chosen as approxi- 
mately Yl by max: 

A special case exists in which the signals are known to be always pulses 
of a duration that is short compared with the interval between pulses, i.e., 
pulses of low ‘duty cycle.” In such a case it may be possible to exceed 
Iy,max on the positive peaks if the tube rating is based upon heating, ie., 
plate dissipation. Sometimes the rating is based on emission limitations or 
grid current. Each tube needs to be treated as a separate problem. 

Occasionally an output stage must operate into a low-resistance load, 
such as a coaxial cable used to transmit the signal to a distant location. 
Such a cable is usually terminated in its characteristic resistance Ro, and so 
the impedance seen from the amplifier is simply a resistance of this value. 
From consideration of the long-time (or low-frequency) response—to be 
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taken up in Chap. 5—an unreasonably large coupling capacitor would be 
required with a low value of Ro (notice that Ro corresponds to RF, in the 
analysis associated with Fig. 3-4). Hence the output stage is usually 
operated as in either Fig. 4-29 or Fig. 4-30. The cathode-follower arrange- 
ment of Fig. 4-29 has the advantage that the coaxial line is at a low d-c 


Fig. 4-29 A cathode follower driving a line. 


potential. Otherwise the two circuits are comparable so far as transient 
response is concerned.! 

If the output stage must drive a capacitive load, such as an oscilloscope, 
for instance, the cathode follower will provide a smaller rise time. (This is 
at the expense of smaller gain, however, but we are not considering gain 


Fig. 4-30 A grounded-cathode amplifier driving a line. 


for the output stage. We should if we have alternative ways of providing 
the needed output voltage.) In contrast with Eq. (4-66), the rise time for 
the cathode follower of Fig. 4-31, assuming small-signal operation, is 


2.2C, 
C2 = 
Gr + (1 + 2)/tp 
2.2R,Cr 
> ——_ if 1= 4-68 
1 + Gm, ame - . ( 


1¥For an interesting commentary, see P. I. Richards, Cathode-follower Fallacies, 
Rev. Sct. Instr., vol. 21, p. 1026, December, 1950. 
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It should be pointed out that, with 
a large capacitive load, it is some- 
times feasible to use several output 
tubes in parallel with improved per- 
formance. The current is doubled 
by adding the second tube, but the Fig. 4-31 An equivalent circuit for 
total capacitance is increased by a small-signal cathode-follower operation. 
smaller percentage. 

Also, it may be that for a given specification of output voltage and rise 
time there will be several tube possibilities that, would be satisfactory. In 
such a case it would be reasonable to introduce other factors into the com- 
parison, such as gain and input capacitance, the latter influencing the rise 
time and gain of the preceding stage. 

4-12 Transient vs. Steady-state Response. Here we have a topic 
of long-standing theoretical interest and one of considerable practical impor- 
tance. The state of our knowledge is substantial but unfortunately is not 
reducible to a few simple axioms. Although a full-scale recounting of the 
published papers is not practicable here, the results can be summarized and 
a few common misconceptions pointed out. 

Rise Time vs. Bandwidth. For many years the term “wideband” has 
been used to describe the type of amplifier one builds in order to obtain a 
fast response to a step transient, especially in the television art. The 
various empirical studies have shown a general relationship between rise 
time and bandwidth to exist as follows: 


TrB = 0.35 to 0.45 (4-69) 


where Tr = rise time, 10 to 90 per cent 
B = bandwidth, from 0 to upper 3 db frequency 
In Eq. (4-69) the value of 0.35 matches best those circuits where the 
overshoot is small or zero, while 0.45 corresponds to overshoots of, say, 5 
per cent or greater. 
Theoretical analysis of two idealized situations yields values of TrB that 
compare favorably with Eq. (4-69). The first of these is the so-called 
‘Gdeal filter,” having a characteristic 
as shown in Fig. 4-32. Associated 
with the amplitude characteristic as 
-—2— shown is a phase shift increasing 
linearly with frequency, ie., con- 
0 f— stant time delay for all frequencies 
Fig. 4-32 “Ideal” filter-amplifier ampli- transmitted. Such a response is not 
tude response. physically realizable; this is proved 


Gain —> 
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9 by Wallman! but is also apparent 

—4 from the fact that when a step func- 

S _g tion is applied at ¢ = 0 the computed 
& -.2 response shows finite output prior to 
i nae this time. The nature of the step 
50 response is a sine-integral function, 


01.02 0406 10 20 Yielding always 9 per cent overshoot 
and TrB = 0.51. 
Another amplitude response of 
Fig. 4-33 Gaussian amplitude response. theoretical interest is the so-called 
gaussian function shown in Fig. 4-33. 
Once again we associate a linear phase characteristic with this amplitude 
response, and once again the combination is not physically realizable (al- 
though the amplitude characteristic is achieved in the limit by an in- 
finite number of resistance-coupled stages). The response of a system of 
this kind to step function is also a gaussian function, possessing zero over- 
shoot, and 


Frequency 


TrB = 0.41 (0.33 from Elmore’s definitions) (4-70) 


The conclusions to be drawn from these results are that, for a given kind 
of circuit, and for the same amount of overshoot, a faster rise is obtained with 
a greater bandwidth. However, merely increasing the bandwidth without 
regard to overshoot does not necessarily lead to “better” response. Thus, 
taking a given amplifier whose amplitude response may be a gradually 
decreasing function of frequency and attempting to speed it up by adding 
compensating elements in order to make its response wider and squarer 
(like that of Fig. 4-32) will indeed speed up the amplifier because of the 
higher value of the TrB product, but the resulting overshoot may render 
the amplifier worthless for the intended application. 

Transient Distortion vs. Steady-state Distortion. An ideal amplifier from 
the transient view would have zero rise time and no overshoot. An ideal 
amplifier from the steady-state view would have an amplitude response that 
would be constant to infinite frequency and phase shift proportional to 
frequency. The condition in which these ideals fail to be achieved is 
termed “distortion.” The transient distortion is described in terms such as 
rise time and overshoot, whereas the steady-state distortion can be de- 
scribed as “amplitude distortion” ? and ‘phase distortion.” A distortion 
in either the amplitude or the phase characteristic will lead to transient 
distortion. This fact is not obvious, and several analyses will be found in 


1 Valley and Wallman, op. cit., pp. 721-723. 
2 Sometimes called “frequency distortion” by authors who use “amplitude distortion” 
for nonlinear effects. 
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the literature that examine the relative importance of the types of distortion; 
we shall shortly consider two of these analyses. 

Actually, of course, in most simple amplifier interstage networks of the 
type already presented in this section the amplitude and phase responses 
are interrelated in a manner characteristic of the broad class of networks 
identified by the term “minimum phase.” It will not be possible here to 
go into the details of the definition of this terminology, nor into the details 
of the amplitude-phase relationship. Suffice it to say that feedback circuits, 
lattice and bridged-T structures, and distributed-parameter systems are the 
ones usually falling outside the minimum-phase class.!. Thus, it is some- 
what futile to attempt to place the blame for transient distortion upon 
either the amplitude distortion or the phase distortion alone. Nonetheless, 
it is instructive at least to assess that distortion due to amplitude response, 
for it is possible—and indeed common practice on complicated transmission 
systems—to exploit a device known as a “phase equalizer.’”’ By use of this 
device, which is an all-pass network of the non-minimum-phase class, it is 
feasible to make the phase response more nearly linear, without influencing 
the amplitude response. The use of such equalizers is far beyond the scope 
of this treatment, although they are of great importance in long-distance 
television transmission systems. In fact, it might be said that their utility 
lies in systems that are limited to narrow frequency channels rather than 
in wideband systems where the gain/rise-time quotient of the amplifier 
tubes is the limiting factor.? 

Of the various analyses that have been undertaken, it will be possible to 
include only two here, namely, those of Wheeler? and DiToro.* The first 
of these is suitable for small amplitude or phase distortion, or combinations 
of both, whereas the latter is more suited to large distortions. 

Before plunging into the details of the Wheeler and DiToro papers, it 
might be well to remind the reader that there are well-established relation- 


1A basic reference on the subject is H. W. Bode, ‘Network Analysis and Feedback 
Amplifier Design,” D. Van Nostrand Company, Inc., Princeton, N.J., 1945. The rela- 
tionship between amplitude and phase stems from a basic property involving the real 
and imaginary parts of a class of complex variables; see E. A. Guillemin, “Mathematics 
of Circuit Analysis,” pp. 330-349, John Wiley & Sons, Inc., New York, 1950. A brief 
discussion is also to be found in Terman, op. cit. 

2 Two references of interest on phase equalizers are T. C. Nuttall, Some Aspects of 
Television Circuit Technique: Phase Correction and Gamma Correction, Bull. assoc. 
suisse électriciens, vol. 40, pp. 615-622, Autumn, 1949; G. G. Gouriet, V.H.F. Amplifier 
Couplings, Wireless Engr., vol. 27, pp. 257-265, October-November, 1950. See also 
Bell System publications. A. E. Brain, The Compensation for Phase Errors in Wide- 
band Video Amplifiers, Proc. IRE, vol. 97, pp. 248-251, July, 1950. 

3H. A. Wheeler, The Interpretation of Amplitude and Phase Distortion in Terms of 
Paired Echoes, Proc. IRE, vol. 27, pp. 359-385, June, 1939. 

4M. J. DiToro, Phase and Amplitude Distortion in Linear Networks, Proc. IRE, vol. 
36, pp. 24-36, January, 1948, includes an extensive bibliography. 
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ships between the transient and the steady-state responses. These are the 
Fourier series and integral, and the Laplace transformation. Choice among 
them depends upon the nature of the driving function and the initial con- 
ditions of the system. Not only are these relationships fundamental to the 
analyses about to be examined, but they are useful in circumstances where 
it is possible to measure in the laboratory one kind of response only but 
where one wishes to find the opposite response by computation. For 
instance, if one can measure the amplitude and phase response and wishes 
to compute the step response, the Fourier series or integral can be used.! 

In the paired-echo analysis the amplifier is driven by a transient signal 
v1() which is chosen to have no singularities on the jw axis in the V;(p) 
domain. Thus, the inverse Laplace transform reduces to the Fourier 
integral as follows: 


e+jo 
ot) = | Vi (pe?! dp (4-71) 
2nj J c—ien 
1 a . 
=— Vi (jw) f* dw (4-72) 
2a Jw 
1 {” ; 
= al [Vi (w)] Fete! dy (4-73) 
2n J 
where ViGjw) =|V1(w)| (4-74) 


Now let the signal be applied to the amplifier, whose steady-state response 
A(jw) is as shown in Fig. 4-34. The cosine variation of the amplitude 
response is rather artificial because of its repetitive nature. The linear 
phase shift assumed will not cause any distortion but only a time delay, as 
will be seen. The assumption is that the input signal V, (jw) has a spectrum 
which virtually vanishes after the first minimum of the cosine; hence the 
rest of the curve is shown dashed. A trapezoidal pulse of suitable slope and 
duration would be a satisfactory signal. 

To obtain the output signal v(t), we first find Vo(jw) by multiplying 
Vi(jo) and A (jw) and then taking the Fourier integral as in Eq. (4-73). In 
the process it will be convenient to expand cos cow in exponentials. 


1A, V. Bedford and G. L. Fredendall, Analysis, Synthesis, and Evaluation of the 
Transient Response of Television Apparatus, Proc. IRE, vol. 30, pp. 440-458, October, 
1942. Some short cuts suitable for quick appraisal are given by W. J. Cunningham, 
Simple Relations for Calculating Certain Transient Responses, J. Appl. Phys., vol. 19, 
pp. 251-256, March, 1948; G. S. Brown and D. P. Campbell, ‘Principles of Servo- 
mechanisms,” chap. 11, John Wiley & Sons, Inc., New York, 1948. 

If it should happen that only the amplitude characteristic can be measured, the cor- 
responding phase characteristic can be computed if the networks are of the minimum- 
phase variety. See Bode, op. cit.; D. E. Thomas, Phase of a Semi-infinite Attenuation 
Slope, Bell System Tech. J., vol. 26, pp. 870-899, October, 1947. 
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COS Co(w) = 14 (20? + € Fo) 


1 ~ F 
v2(t) = ~| Va(jw)e”! das 

27 J 
1s a 

= i Vi (jw).A (jw) et dw 
27 J 
1 - ‘ ao _ is 

= — [Vi(w) | &&© ( — + a, cos cow ) 670% F#! dy 
20 J 2 


= =f vie) (2 + ito Bie 2 ete) gilet+$@) byl gy 
—00 


ae f | Vi(w) | Hoe— bo) +9] Guy 


1 ay 3 
zl apa ies | Vi(w) | eilo(t—by too) +()] dey 
27 2 J_e 


1 
eG i. | Vr(w)| eebo- +6001 dey (4-75) 


We now compare Eqs. (4-73) and (4-75), and note that the latter contains 
three terms of the same form, differing only in the constant multiplier ag/2 
or a,/2 and the shift in the time scale from ¢ to t — bo, etc. Thus Eq. 
(4-75) describes three signals (time functions) which have the same wave- 
form as the input signal v,(¢) but which are changed in amplitude and 
shifted in time. The result is depicted in Fig. 4-35; it consists of a delayed 
main signal and two “echoes.” 


=£0 
aa tay COS Cow 


[AGia) 


/A(jw) =—byw 


Fig. 4-34 Amplifier response assumed Fig. 4-35 ‘Paired echoes” resulting from 
for the Wheeler ‘“‘paired-echo” analysis amplitude distortion. 
(amplitude distortion). 
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A similar result is obtained if phase distortion is introduced, as in Fig. 
4-36. The amplitude characteristic is now assumed to be ideal, i.e., con- 
stant amplification from zero to infinite frequency. 


1 © ; 
nol = = J V1 (je) A (ja)e des 


we 
3 ~| [Vs(w) | eo ao gil byw tb, sin cw) Jot qe, 
27 J x» 2 


1 ao bs z ° - 
=—— | Vi (wo) | Het bn +o (o)1 Gib, vim eye yy 
r 2 I _» 
But “ 
Pe sin cw _ > Ji (bd) #1" 
k=-—-x 


For 6, very small 
eJb sin cw Jo(b1) + J, (b;)e” + J—1 (by) e720" 
= Joli) + Ji (by) 21? — Jy (bye 


1 * ; ” 
aS ae | Vy (w) | ele) +9 (by) ++ Ta (Die 
7 —20 


— Jy (bi) 77" ds 


1 f* ; 
a B00) [= [vilaylemeeo 49 do] 
2 Qn JL 


2] 


1 f[” ; 
7 salt (61) E J | Vio) | ei lw (t= bg +ey) +o (w)] ae| 
2 Qn J 


Q 


— Sao [— fireman aa] 76) 
2 27 J x» 

As before, we can now compare the expression (4-76) with the expression 
(4-73) for the input signal »,(t). Each of the three terms of (4-76) corre- 
sponds to a replica of the input 
function, but modified in ampli- 
tude and shifted in time. These 
three output signals are depicted 
in Fig. 4-37 and can be thought 
- of as a principal signal and two 

SNS echoes. Notice that one of the 
Fg ac86 Aanplinan ceenodibe asennad for echoes is negative, in contrast with 


the Wheeler “paired-echo” analysis (phase the case of amplitude distortion. 
distortion). Thus, the composite output signal 


|AGiw)| =a,/2 


@ 


/A(jw) =—bew+b, sinew 
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will be unsymmetrical for phase distortion and symmetrical for amplitude 
distortion. A comparative case is illustrated in Fig. 4-38; the dashed line 
represents the summation that would result if higher-order terms were in- 
cluded in the sinusoidal amplitude and phase expressions, i.e., if the actual 
amplitude and phase characteristics were expanded in series of cosine and 
sine terms, respectively. 


Fig. 4-37 “Paired echoes” resulting from phase distortion. 


The paired-echoes analysis is particularly convenient for small distortions 
(small values of bj, cy, etc.) but becomes cumbersome if the distortion is 
large. It does, however, provide ample evidence that distortion of the time 
response can result from either steady-state amplitude or phase distortion 
and that the effects of the two kinds of steady-state distortion are different. 


Amplitude distortion Phase distortion 


Fig. 4-38 Response of an amplifier to a pulse input when only amplitude distortion or 
only phase distortion is present. 


One analytical study of interest for cases of larger degrees of amplitude 
or phase distortion than are normally treated with the paired-echoes 
technique is that of DiToro.. He treats the case of an amplifier (or any 
other linear network, not necessarily lumped) having a steady-state re- 


10p. cit. 
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sponse expressible by the exponential function 


A (je) 
= e—(amum+jonwr) -77 
AO) om 


This is not the kind of function that emerges from the analysis of lumped- 
element amplifier networks; instead rational fractions should be expected. 
But it has certain advantages and is a reasonably good approximation to 
the response of actual circuits. Indeed, a large number of resistance- 
coupled stages approaches this kind of response, with exponents m = 2 and 
n= 8. 


Fig. 4-39 Assumed amplitude response and the resulting transient response from the 
DiToro analyses. (a) Amplitude response. (b) Impulse response. (c) Step response. 


The expression (4-77) is particularly convenient in treating experimental 
data. The exponents m and n can readily be determined from a logarithmic 
plot of amplitude and phase data. And from DiToro’s paper the transient 
response can be forecast. This is also true of the paired-echoes analysis, 
but for smaller distortions; also, as in the case of paired echoes, the DiToro 
analysis permits separate evaluation of the effects of amplitude or phase 
distortion taken singly and together. In fact, DiToro has found it necessary 
in general to find the time response (to an impulse, say) of Eq. (4-77) by 
first finding it for e~*"®", then for ¢%%"*", and finally for the combination 
by using the convolution integral. 

Some examples of the extensive results obtained by DiToro can be shown. 
For instance, in Fig. 4-39a is depicted an amplitude response corresponding 
to m = 2, and also one for m = 4. On the assumption that the phase 
distortion is nil, i.e., that n = 1 and b # 0, the corresponding impulse and 
step responses are as shown in Fig. 4-39b and c. 

Similar results for phase distortion—in the absence of amplitude distor- 
tion——are depicted in Fig. 4-40. | 

Notice that amplitude distortion leads to symmetrical responses for the 
impulse and step, whereas phase distortion leads to unsymmetrical ones. 


1M. F. Gardner and J. L. Barnes, ‘Transients in Linear Systems,” pp. 228-236, John 
Wiley & Sons, Inc., New York, 1942. 
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This is comparable to the paired-echo analysis. Notice also that phase 
distortion gives overshoot, even with n = 3, which is the smallest exponent 
possible (except for n = 1, of course, which would give no distortion but 
only a time delay). It should be pointed out that the nature of amplitude 
and phase responses in general requires that m be even and n odd. 

The case of combined amplitude and phase distortion has been analyzed 
by DiToro, as already mentioned. It is necessary to specify, in addition to 
m and n, the relative magnitudes of a and b [see (4-77)]; the relative rates 
of amplitude and phase cutoff influence considerably the shape of the time 


tr 


(a) (6) (c) 


Fig. 4-40 Assumed phase response and the resulting transient response from the DiToro 
analyses. (a) Phase response. (6) Impulse response. (c) Step response. 


response. An extensive assortment of results will be found plotted in 
DiToro’s paper. 

4-13 Special Amplifiers for High Speed. Although the details will 
be reserved for Chap. 6, it is appropriate to mention here that when fast 
amplifiers are required (amplifiers with small rise time 7T'p)—faster than can 
be provided by the networks of Figs. 4-2a through 4-12—there is the pos- 
sibility of an altogether different kind of amplifier configuration. The 
circuits discussed in the sections above have been of the product variety, or 
cascade, the former term describing the fact that the over-all gain function 
(of frequency p) is the product of the individual-stage gain functions, while 
“cascade” implies that one stage is connected after another. There is 
another class of amplifiers, which can be called additive because of the 
additive nature of their gain functions, and which permit of far greater 
speeds with conventional tubes than the cascade amplifier provides. This 
class includes the distributed amplifier and the split-band amplifier. Re- 
search is still being conducted in both these categories, but the present-day 
status will be discussed in Chap. 6. 
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PROBLEMS 


4-1. Apply Laplace-transform analysis to the complete circuit of Fig. 3-3 to determine 
v(t) if 2) is a step of voltage of amplitude Vo applied at t = 0. (Assume that r, > Rx, 
Coe > Cy or Co, and R, > Rx.) 

a. Show that for small values of ¢ the result reduces to the response of the simple 
equivalent circuit of Fig. 3-12a. 

b. Show that for large values of ¢ the result reduces to the response of the equivalent 
circuit of Fig. 3-4. 

4-2, Shown in Fig. P4-2 is the so-called “series-peaking”’ circuit, or ‘“‘series-compen- 
sated” circuit. This circuit is somewhat more difficult to analyze than the corresponding 
transistor circuit because the extra reactive element makes the circuit equation a cubic. 
However, for a certain case a relatively simple result may be obtained which illustrates 
the kind of results obtainable. 

a. Show that the equation for the transfer impedance may be written in the form 


Volp) _ —R(Ci + C2)? 1 
T(p) LCC, oi t Ce (Ci + Cs)? | (Cy + C2)? 
- C2 P mC C2 mC,C, 


p+ 


This equation is in terms of the normalized variables: p = sR(Cy + Ce), and m = 
L/R*(Cy + Co). 

b. Arrange the poles according to the pole- 
zero diagram shown in Fig. P4-2 by finding 
i the capacitance ratio and value of m re- 
quired. 

V, Hint: Assume that Cy = nC, and rewrite 

the above denominator polynomial in terms 
ke of p, n, and m. Express each pole in Fig. 
P4-2 as a factor; i.e., the top pole would be 
(a) p+a—j2«. Then multiply the factors 
together to give a cubic. This cubic must 
be identical with the previously obtained 
polynomial; hence, the coefficient of each term 
may be equated to the corresponding term in 
the other cubic. In this way the value of n 
and m may be found. 

c. Find the rise time and overshoot (both 
in terms of a and in real time) produced 
by the circuit when driven by a unit step. 
(The rise time will be about 1.5/a.) This 
computation will have to be done by plot- 
ting the response. 

d. Show that the improvement factor over an uncompensated circuit, », is slightly 
greater than 2. 

4-3. The over-all normalized gain function for a linear amplifier comprising lumped 
elements will always be of the form 


lh 


1+ ap + agp? + agp? +--++ amp™ 
1 + Bip + Bop? + Bap? +---+ Bp? 


An(p) = 
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Show by comparison with Eq. (4-45) that 
Ton = Bi — 11 


Thy = 2n[By — a1? + 2(a2 — B)] 


4-4, Compute the rise-time—bandwidth product for a five-stage resistance-coupled 
amplifier. Obtain the bandwidth from an amplitude response determined graphically 
on the p plane. 

4-5. Show that the equivalent circuit given in Fig. 4-31 is correct. (Hint: Find the 
Norton equivalent looking into the cathode and ground terminals toward the tube.) 

4-6. Refer to the shunt-peaking circuit of Fig. 4-2a. 

a. Write the equation for gain in terms of a constant containing g,,, R, L, and C times 
a polynomial containing only s, constants, and the parameter m. (Hint: This will require 
normalizing the frequency variable; the most useful normalization is s = pRC.) 

b. Sketch pole-zero diagrams as in Fig. 4-4, giving the pole and zero positions in terms 
of m. Do this for m < 0.25, m = 0.25, and m > 0.25. Indicate also the limiting pole 
and zero positions as m — 0 and m — », 

c. For m > 0.25 write the equation for v,9(¢) in terms of a constant containing R, L, 
and C times an equation in m. Assume that v,)(t) is a unit step. 

4-7. Consider the transfer function of any linear network, A(p), which is normalized 
so that the gain at zero frequency is unity. The steady-state amplitude response | A(w) | 
and phase shift ¢(w) are obtained by replacing p by ju, 


A(p) |pajw = |A(w) | 6) 


Elmore definitions 


a. Show that the following relationships exist between the amplitude and phase func- 
tions and the Elmore definitions of delay time and rise time: 
@IAW@) |) _ —Tr 

dw du® Qa 
w=0 @=0 

Suacaestion: Make use of Eq. (4-45). The above result really indicates that this 
definition of rise time is not of general utility, since it is quite possible and often desirable 
to design a network or amplifier in which Tz = 0 (or even 7'z <0) according to the 
above equation; yet the actual 10 to 90 per cent rise time will certainly be greater than 


zero. 
b. As an example, consider the transfer function 


1 
p+ 2p +1 


Find 7p and Tr. What do you deduce concerning the nature of the time response to 
a step function in the case of this transfer function? 

4-8. The transfer function A(p) = 1/(p? + ~/2p + 1) considered in Prob. 4-7 is also 
known as the two-pole, maximally flat function. (This is discussed further in Chap. 9.) 
The transient response of this function to a step input is given as the curve for n = 1 in 
Fig. 4-28. The rise time is about 2.16 sec, with 4.3 per cent overshoot. 

a. A rise time of 50 mysec is desired. Find the pole locations of A(p) corresponding 
to this rise time. 

b. These pole locations may be realized by a shunt-peaked pentode stage (which pro- 
vides the requisite two complex poles plus an undesired zero) in cascade with an RC’ 
stage (whose pole can be chosen to cancel the zero). Find the required element values 
for each stage if the total shunting capacity per stage is 15 pf. 


A(p) = 
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ce. Find the gain ofthe above amplifier if the tubes used have g» = 10,000 umhos. 
Compare this gain with the gain of an alternative amplifier having equal rise time but 
comprised of two identical shunt-peaked stages with m = 0.35. 

d. The series-peaked transistor stage of Sec. 4-7 can be arranged to have two complex 
poles and no zero in the finite part of the p plane; therefore these two poles may be ar- 
ranged to give the pole locations for the maximally flat interstage. Find the value of L 
in terms of Ri, Req, C, and R which is required to give the maximally flat transfer func- 
tion. What is the value of » for this function? 

4-9, Consider two amplifiers, each consisting of five identical stages. Similar circuits 
(the same 7) are employed in both, but one amplifier uses 6AH6 tubes and the other 
6AU6’s. (Use the data in Table 4-1.) 

a. If both are designed for the same gain, find the ratio of their over-all rise times. 

b. If both are designed for the same over-all rise time, find the ratio of their over-all 
gains, 

4-10. All the transistor high-frequency calculations have been on the basis of an 
approximate equivalent circuit derived from the hybrid pi. One direct way of evaluating 
the accuracy of the simplified circuit with respect to its prototype is to compare the 


R,=8002 


R,=5002 


Fig. P4-10 


step responses of the two circuits for a given generator and load resistance. For this 
purpose find the equation for the step response for the three conditions listed below. 

a. Neglect C, (that is, assume that C, = 0). 

b. Include C, in the equivalent circuit as in Fig. 3-38c. 

c. Use the hybrid-pi equivalent circuit as shown in Fig. 3-38). In this case, the 
equation for the output will not be a single exponential. Show why one of the exponen- 
tials is unimportant so that one pole essentially dominates the response function. 

d. Calculate the 10 to 90 per cent rise time for the three cases above. (Calculate only 
an approximate value for case c, based upon the dominant pole.) As a basis for calcula- 
tion use the circuit in Fig. P4-10 and typical transistor data: 1 — a9 = 0.02; r, = 25 
ohms; r; = 200 ohms; w; = 3 X 10’ radians/sec; C, = 10 pf. 

4-11. Using the high-frequency equivalent circuit of Fig. 2-3, find the Thévenin 
equivalent looking to the left of the terminals a-a’ of the common-collector stage (emit- 
ter follower) shown in Fig. P4-11. (The collector capacitance may be neglected here.) 


Fig. P4-11 


Note the resemblance to Fig. 2-22. Using the Thévenin equivalent you have found, 
write the equations for Vo(p) and v(t). Show that the effect of the capacitance 1 | wate 
would usually be small. Neglecting the effect of this capacitance, compute the rise time 
for the source and load shown in Fig. P4-11 and the transistor parameters of Prob. 4-10. 


5 


Step Response of Lowpass Amplifiers 
for Large Values of Time: Sag, ete. 


The failure of practical amplifier circuits to transmit a step function 
perfectly for large values of time is in one sense a failure of the circuits to 
transmit direct current or, what is almost the same thing, very low fre- 
quencies. The long-time response to a step is generally better if the so- 


Fig. 5-1 Pentode amplifier stage including all causes of sag. 


called low-frequency response of the amplifier is good. Indeed, most 
discussions of the subject in textbooks are phrased in terms of the low- 
frequency steady-state behavior, as in Chap. 3. However, the step response 
is often the desired criterion, and it can be dealt with directly. For an 
example, in a television system, a picture in which there is a background 
(sky, for instance) with uniform intensity across the scene would require 
that the video amplifiers maintain a virtually constant voltage for the 
133 
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Veo duration of each horizontal scan pe- 
riod; thus, for an interval of about 60 
usec the step response must be con- 
stant to within some specified sag. 
The corresponding low-frequency be- 
havior is purely incidental, and specifi- 
cation of the amplitude and phase 
response at low frequencies is at best 
indirect and not necessarily unique for 
R,||R,* Ra = a given sag. 
Fig. 5-2 Common-emitter stage in- It was shown a. Chap . 3 that there 
cluding all sources of sag. are only certain portions of the com- 
plete circuit of Figs. 5-1 and 5-2 that 
influence the long-time behavior; thus, the simplified circuits of Figs. 3-4 
and 3-33 adequately describe the low-frequency amplitude response cr 
the long-term step response. These circuits contained only the coupling 
elements C., and either R, for the pentode or R, and the resistances 
R, and r, + 7-/(1 — a) for the transistor, whereas in a practical am- 
plifier circuit it is necessary to consider also the pentode cathode (tran- 
sistor emitter) bias circuit and the imperfectly bypassed screen-grid volt- 
age supply. These will be taken up individually; the analysis follows 
closely that of Wallman.! 

5-1 Coupling Circuit. The effect of the coupling circuit on the 
amplitude response has already been studied in Chap. 3. In terms of the 
vacuum-tube circuit first, the gain of a stage, considering only the effect 
of the coupling elements shown in Fig. 3-4, was found to be 


A=- Imkt. (3-9) 


p 
'_ —__—_— 
p+ 1/R Cec 


The output voltage is found by multiplying the Laplace transform of the 
input voltage (in this case a step voltage V,/p) by the gain and taking the 


inverse transform, 
V 
v(t) = £7" | -onit — | 
P P+ I/RCee 
= —gmR Ve BeCce (5-1) 


The output is therefore an exponential with an initial value of —g,R,V, 
which decays to zero with a time constant of RC... In considering multiple 
stages it is convenient to normalize the gain so that the midband gain is 


1G. E. Valley, Jr., and H. Wallman (eds.), “Vacuum Tube Amplifiers” (vol. 18, M.I.T. 
Radiation Laboratory Series), pp. 84-92, McGraw-Hill Book Company, Inc., New York, 
1948. 
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unity and then to drive the amplifier with a unit step. Under these con- 
ditions the output of an n-stage amplifier is 


Vn(P) -( 2 y 

ap) = - | 5-2 
p\p+1/T, 2) 
where Ty = RCce 


The frequency variable may also be normalized—define s a pT,. Equa- 
tion (5-2) then becomes 


n—l 
V,(s) = ——— 2 
(s) Gi p* (5-3) 
The inverse Laplace transform of Eq. (5-3) is 
ie Gi tee 
e|-__| - =|] - 


For specific values of n this equation gives the following for v,,(t): 


n n(t) = LV (s)] Initial slope »,(0+) 
1 et —1 
2 e“(1 — 2) 2 
t e 

tf) —2+4- - 

3 € ( + 5) 3 
3e OB 

4 —f1-34—-—- - 

€ ( + 2 7) 4 


The situation regarding initial slope is of particular interest, since this 
determines the sag. It can be seen from the table above that the slopes 
(or sags) are additive. That is, the sag will increase directly with the 
number of stages. This is also true for the case of nonidentical stages and 
may be easily shown as follows: Assume that the different stages have time 
constants of 7,, Te, ..., Tn. Then Eq. (5-2) becomes 


ViGess od : f sae Z 
p p+i/T, pt+I/T2 pttl/T, 


The initial slope of the output voltage is easily found using the Laplace 
transform, 


(5-5) 


Vi(p) = pValp) — rn(0*) (5-6) 
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{v,(0T) is the value of v, immediately after the input step is applied; that 
is, 0n(0*) = 1] 


p” 
Vilp) = - 
? (p + 1/T1)(p + 1/T2) «++ (p + 1/Th) : 
#54 
Pe Dare) 
= - - a (5-7) 
a ale aaa 
vn(OtT) = lim pVn(p) 
ie ake Fe td 
= Dag aS ee (5-8) 


Equation (5-8) shows that the slope of the output is indeed the sum of the 
individual stage contributions. 

In the case of transistor stages, the function describing the behavior of 
many stages is not exactly the product of the individual gain functions 
because of the presence of reverse transfer parameters. However, as we 
have already seen in Chap. 3, the effect of neglecting the transfer param- 
eters is small in common-emitter or common-base stages. Hence, in these 
cases the sags due to the individual stages obviously may be added. The 
sag contribution of an individual CE stage may be found by use of Eq. 
(3-71), which is repeated here, 


ee ae 
p+ 1/RC cc 
[re + re/(1 — a)]Ry 
ro tr/(l — a) + Ry 


(5-9) 


where R=kh,+ 


The initial slope of the output of such a stage in response to a step is 
—1/RC,,, as in the case of the vacuum-tube amplifier. For convenience 
the initial slope is often given in per cent per unit time equaling — 100 per 
cent/T’; that is, if T = 10,000 usec, the sag is —0.01 per cent/usec, — 10 per 
cent/msec, or — 10,000 per cent/sec. 

5-2 Sag from Other Sources. Additional sources of sag in an ampli- 
fier come from the biasing circuits—the cathode (or emitter) bypass capac- 
itor and the screen bypass capacitor. Since we have already written 
equations describing the effects of these impedances in Chap. 3, let us find 
a general equation for sag in terms of the gain equation. An equation with 
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sufficient generality to include any source of sag is 


_ Pt ap + 2) «+ (P+ on) 
(p + e1)(p + €) +--+ (D+ €m) 


where o and e¢ are real and positive. 
Treating this equation in a manner similar to that used to find the initial 
slope of Eq. (5-5) gives 


A(p) m=n (5-10) 


vn(0T) _ Xu a; > & (5-11) 
1 


Note that this gives the same results as Eq. (5-8), where all the o; = 0. 
Using Eq. (5-11), we may now find the sag due to the cathode capacitor C,. 
From Eq. (3-65) we have 

p+ 1/RiCi 


A(p) =» ———___——- as 
(p) I+ gales (3-65a) 
p+ ————— 


RiCy 


RiCy RiCe Ch oe 
Hence we have the surprising result that the initial slope of the sag due to 
C;, is independent of Ry. While this is true, the exact effect of the sag is 
dependent upon the value of R,, as illustrated in Fig. 5-3, which shows the 
effect of changing R; while g,, and C, are maintained constant. 

The equations describing sag from the screen circuit and emitter circuit 
are tabulated in Table 5-1. As may be seen by inspecting the table, the 
initial slope of the sag caused by the screen circuit is also independent of 
the screen dropping resistor R,. The equations for the transistor appear 
complicated but may often be simplified when specific values of the param- 
eters are known. The waveforms of the sags due to the cathode (emitter) 
and screen bypass capacitors are similar, and Fig. 5-3 is representative. 


g4l+g,R,=1 


tu~—> 


Fig. 5-3 Step response of pentode amplifier showing the effect on the sag due to chang- 
ing Ry. (C; and gm are fixed.) 
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Table 5-1 
C Gain tion Equasion % sag/sec 
ause ain equatio anihee ® Sag/s 
Vacuum tube: 
epee p — 100% 
Coup! ...)A 2% —— — 3-3), (3-9 
oupling circuit DL IUR,Cce (3-8), (3-9) RO 
1/RiC, —9Gm 101 
Cathode circuit....; A = Re Deer! (3-65a) = 9m 100% 
“p 1+ Im Cr 
aes G8 
1/R,Cs —100 
Screen circuit. .... Ax Py (3-85) EEL 
Tp + Rs rps 
RC 
Transistor (common a 
emitter) : 
el ex —100 
Coupling circuit...| A ~ eae (3-71), (3-72) a 
rs [ro + re/(l — @)|Ri_ 
fre + re/( — a) + Ry 
: sata pt 1/RC. —100% 
Emitt cuit... .| A = ——.——______—_.. 3-70 — 
= pete OM RGil — @) 
- RRC 
A R,R 1 
R, 4 ma 
Ss Ry + Ri + To + 1 a 


The parameter & in the figure, which determines the ratio of the initial value 
of v9(t) to the final value for the different sags, is 


tra + Rs 
Screen circuit ee ie aati (5-13) 
Tp2 
Emitter circuit =1 : 5-14 
mitter circui é + Rd a) (5-14) 
R,R r 
2A nt 
R, + Ry 1 —aQ 


The sag may be computed from the equations giving per cent per unit: 
time only for times sufficiently short to make the representation of the 
output v(t) by a tangent line valid. Therefore, only for the time interval 
t <7 is our representation good, where 7 is the time constant in the denom- 
inator of each of the gain equations in Table 5-1. For instance, in the 
cathode circuit the important time constant is RyCy/(1 + gmRx). 

5-3 Sag from Multiple Sources. We have already seen that where 
gain functions (functions of frequency) can be multiplied as in Eq. (5-5) 
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{and proved for the more general case in Eq. (5-10)] the initial slope of the 
output is the sum of the initial slopes of each sag-producing element. Thus 
the slopes caused by the cathode circuits and coupling circuits in a chain of 
pentode amplifier stages can be very accurately added together because the 
over-all gain function is very nearly the product of the individual gain 
functions, as discussed in Sec. 3-8. Surprisingly enough, the initial slopes 
caused by any combination of causes in an amplifier may be added to give 
exactly the initial slope of the sag in the output of the amplifier. This is 
true even though the low-frequency cutoff is not given exactly in many cases 
by combining the individual amplitude-response functions. 

A simple proof that initial slopes from any source of sag may be added 
is as follows: Assume a network made up of linear R, C, and active elements 
(no inductive elements). Assume that the network is discharged initially 
and is driven by a unit step. Each capacitor initially has zero voltage and 
ve,(O7) = v,(0T) = 0. Hence at ¢ = 0+ each capacitor acts like a short 
circuit, and the currents in each branch of the network may be computed 
by replacing each capacitor by a short circuit and finding the currents in 
the resulting resistive network. The derivative of the voltage appearing 
across each capacitor, the initial current being known, is dv,,;/dt = i;(07)/C; 
(t= 0+). Each voltage »;,; may be represented by a voltage generator 
having zero magnitude but the above slope. From the superposition 
principle, the output voltage is now found by summing the individual out- 
puts caused by each generator acting singly and regarding the others as 
being short-circuited. In our case each generator v; gives a contribution 
to the initial derivative of the slope of the output voltage. Since in com- 
puting the slopes from each cause we have neglected the other causes of 
sag, we have in essence regarded the other capacitances as short circuits. 
Hence to find the total sag we need only sum the individual slopes, 


Total slope (or sag) = > individual slopes (or sags) (5-15) 


From the evaluation of the separate causes of slope in the long-time 
response, it becomes evident which of them is the most severe. In the 
vacuum-tube case the cathode circuit is the worst offender for a given size 
of capacitor—as an example, consider a 6AU6 tube in which typical values 
are Gm = 5,000 umhos, rp2 = 1/y29 = 23 kilohms, and R, = 1 megohm. 


8 I pe 0.004% { 
e = ——___*_ = - 0, : 
Cree PS 98 kilohins & Cy Oineeed 
— 1009m 
Cathode slope = 7 = —0.5%/usec-uf 
k 


Coupling circuit = —-— = —0.0001%/usec-uf 


&V ce 
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In the transistor case the emitter circuit requires the largest capacitor 
for a given slope. Consider the following typical values: R, = 500 ohms, 
R, = 10 kilohms, r, + r./(1 — a) = 1,750 ohms, 1 — a = 0.02. (There- 
fore R = 1,990 ohms, and &, = 2,226 ohms.) 


— 100 
Coupling circuit = Re & —0.05%/usec-pf 


ce 


—100 
Emitter slope = ———————— & -—-2 sec-pf 
i p RC. ~ a) %/ psec-j 


The transistor because of its inherently lower impedance levels requires 
large capacitors. Fortunately the d-c voltage levels which these capacitors 
must withstand are also small, so 
that physically small, high-capacitance 
electrolytic capacitors may be used. 
In many cases even the coupling 
capacitor must be of the electrolytic 
type. If only small amounts of sag . 
can be tolerated, better performance 
may be obtained by using no resistance 
in the emitter lead and resorting to 
Fig. 5-4 Circuit for cathode peaking. feedback biasing, as shown in Fig. 3-26. 

{A resistor from the base to a positive 
supply (assuming a PNP transistor) may be necessary so that the resistor 
shown as Ry; may be sufficiently reduced to give the necessary bias 
stability.] 

In the vacuum-tube case the cathode bypass capacitor may be removed } 
to eliminate the greatest cause of sag, but the gain of the stage is also 
reduced by the factor 1/(1 + gnf,). This reduction of gain is not so great 
as that caused by leaving the transistor emitter unbypassed for typical 
circuit conditions. 

5-4 Cathode Peaking. Where strict requirements on slope make it 
desirable to leave the cathode bias resistor unbypassed, it becomes necessary 
to reevaluate the short-time transient response. In so doing it has been 
found beneficial to add a small capacitor across the bias resistor, instead of 
having none at all. This capacitance is so small, however, that its effect on 
the long-time response is negligible. In the short-time response, though, 
the rise time can be improved, with beneficial effects similar to those of 
shunt peaking, and hence the name ‘‘cathode peaking”’ is usually ascribed 
to this technique. The analysis proceeds from the circuit of Fig. 5-4. 


1 Removing Cx may have one undesirable side effect: the heater-to-cathode leakage 
current may cause a heater-frequency noise to appear across R; and thus in the output. 
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~g9mVi1(p) 
4 = ———— 7, ( 5-16) 
2(p) i ghey ) ( 
Z : Z,(p) = : 
Mugs Lip) = 1/R, + pC — 1/Ri + pC; 


Let Vi(p) = 1/p; then V2(p) becomes 


Ym pt 1/RiCe 


Vo(p) = — 
o(P) =~ ey : ‘) 
PNET pep Ne Bee 


It will be convenient to define p = R,C,/RLC and K = 1+ gmR;; then 
vg(t) becomes 


(5-17) 


volt) ree o(K — 1) Kueh, C Ke — conic forp>K 
gmk, K p—K peas 
(5-18a) 
us i E = 1 ~K eKtleRyC _ Ko-) cune| forp<K 
K 1~— K/p p(l — K/p) 


(5-180) 


We are interested in trying different values of C; for the circuit; the 
other elements are already determined. Thus, we can let p take values 
ranging from zero (cathode resistor unbypassed) to infinity (resistor per- 
fectly bypassed). Three special values of p are of interest. 


For p = 0 (C, = 0) 


va(t) _i (1 — «7 t/Fx0) 

—grk, K (5-19) 
For p = © (Cy = &) 

Vo(t 

; by = ee) (5-20) 

For p = 1 (RiCy = RC) 

TAG 1 

a ger eed (5-21) 


The time response for various values of p and for a particular value of K 
(approximately 2) is shown in Fig. 5-5. Notice that p = 1 gives a faster 
rise than does p = 0 and is the largest value of p that gives a monotonic rise 
(no overshoot) ; hence, this is the value usually chosen in the cathode-peak- 
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ing technique. Notice also that p = 100 is a value in the usual range of 
cathode bypassing; there is a fast rise—essentially that of the ideal case 
(p = »)—followed by a long-time sag as previously analyzed for the cathode 
bias circuit. 

It would appear from a comparison of Eqs. (5-20) and (5-21) that 
cathode peaking with p = 1 gives a faster amplifier than does the perfectly 


p=oo 


10-}-—-—- —~p am 


K£1+48,R, 
RC, 
RC 
t— 


4 


p 


Fig. 5-5 Step response of the cathode-peaked circuit for different values of cathode 
capacitance. (Drawn for K = 2.) 


bypassed case. Both responses are simple exponentials with a 10 to 90 
per cent rise time already given in Eq. (4-3). 


For p = » Tr = 2.2R,C 
# , r 2.2R,C 
or = — 
p R K 


Thus, so long as K is greater than 1, the rise time is indeed reduced by the 
factor K. Unfortunately, it is not usually sufficient to consider rise time 
alone. The peaking circuits discussed in Chap. 4 were compared on their 
ability to improve the gain-rise-time ratio. On this basis, the cathode- 
peaking circuit offers nothing, because the gain is reduced by the same 
factor by which the rise time is reduced, namely, K; hence, the Eaho is the 
same as without peaking. 

This perhaps conveys a needlessly unfavorable impression about cathode 
peaking. The reduction in gain can be restored by increasing Ry, by a 
factor K. Then the gain is the same as in the perfectly bypassed case, the 
rise time is the same, but a much smaller bypass capacitor can be used, and 
there is no sag. 

A similar peaking method may be employed in transistor stages, although 
the value of R, (the emitter resistor), which must be employed to give 
proper peaking, is usually too small to give sufficient bias stability. An 
excellent treatment will be found in an article by G. Bruun.! 


! Georg Bruun, Common-emitter Transistor Video Amplifiers, Proc. IRE, vol. 44, 
pp. 1561-1572, November, 1956. 
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5-5 Slope Compensation. This 
is sometimes called “low-frequency” 
compensation, and rightly so, inasmuch 
as the slope or sag in the long-time 
response to a step is governed by 
those circuit elements which govern the 
low-frequency steady-state response. 
However, a steady-state analysis is 
perhaps at its worst when it comes to 
the question of how much compensa- 
tion should be used for a good step 
response. af 

In transient terms, we have already Fig. 5-6 A sag-compensating circuit, 
evaluated the long-time step response 
of the conventional circuit and have found that sag results from several 
causes: coupling circuit, screen circuit, and cathode bias (or emitter) 
circuit. Each of these is the source of a negative initial slope, and their 
effects tend to add directly. What we need is a circuit which will provide 
a positive initial slope, and one which 
will add to the negative slopes in the 
right amount to make the sum equal 
to zero. 

Fortuitously the so-called ‘decou- 
pling circuit,” which is a normal part 
of a multistage amplifier—introduced 
Fig. 5-7 Equivalent circuit. for the t0 diminish coupling from one stage 
sag-compensating circuit. to the others via the common Voo sup- 

ply—is a suitable compensating circuit 
if proportioned properly. It is a long-time-constant circuit, the element 
values can be varied considerably without hampering its decoupling 
effectiveness, and it does provide a positive initial slope. The actual circuit 
is shown in Fig. 5-6 and its equivalent for analysis purposes in Fig. 5-7. 


Va(p) = —gmnVi(p) (3 + Rr«KR, (5-22) 


1 
1/Ra + as) 
Let Vi(p) = 1/p (unit step). 


a V2(p) 
Vip) = 
(p) rs 


- 1 ? + I/RiCat+ es) 
Pp pt 1/RaCa 


(5-23) 
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Using Eq. (5-11), we may immediately find the initial slope, 


ces are 
RrCa  RaC R@a R1Ca 
100% 
~ RiCa 


The slope is evidently positive, and hence, by selecting a suitable value 
of Ca for the particular Ry, being used, it is possible to provide cancellation 
of the negative slope due to one or more of the causes discussed above. 


(5-24) 


R,4R, ||, R 
(a) = R&Rlhi. —(b) 


Fig. 5-8 Sag compensation in a transistor amplifier. (a) Actual circuit. (6) Equivalent 
circuit. [Nors: Ral|Rp 4 RaR/(Ra + Re).] 


For instance, to cancel the slope due to the coupling circuit, choose Cy so 
oe RiCa = ReCee (5-25) 


By way of caution it should be pointed out that, although Ra does not 
appear in the initial slope, RgCg must be large compared with the period of 
the waveform to be amplified, in order both that the decoupling function 
be supplied and that the exponential function v2(t) be adequately approx- 
imated by the initial straight-line tangent. 

Slope compensation for the transistor video amplifier proceeds from the 
equivalent circuit of Fig. 5-8. In the circuit 2, represents the resistance of 
the biasing network in the base of the transistor. The resistance hy,. is 
the approximate input resistance of the transistor and is equal to 
rp + Te/(1 ~ a). The base current is 


Ryle 
ml See 
Ry + Mite 
I R. Ry, + Ra)/RLT 
Tp _ L p+ (Ry a)/Bx (5-26) 
I, R+R, R+At,+ Ra 


(R+ R,)T 
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where R = Ryhy,e/(Ry + hye) and T = RzCa. From Eq. (5-26) the 
initial slope of Jz (and hence J,) may be found by assuming that J, is a unit 
step of current, 


10%) _ R RX 100 


= py. pe 5-27 
TOT) (R+ Rr)R1Ca oye (R + Rr)RiLCa Diet) 


The positive sag given in Eq. (5-27) may be used in exactly the same 
manner as Eq. (5-25) to cancel one or more causes of sag in a transistor 
amplifier. It is not practical in the usual case to compensate for many 
causes of sag with one compensating circuit because the approximation of 
the exponential with its initial slope is not good for a long enough time. 
Therefore in a multistage amplifier the sag-compensating circuits are dis- 
tributed throughout the amplifier, both to provide the sag reduction and 
to furnish more decoupling than a single decoupling circuit can afford. The 
input stages of the amplifier, in particular, should be provided with decou- 
pling since these stages are most prone to signal and noise pickup from the 
common supply leads. 


PROBLEMS 


5-1. In a single stage it is possible to compensate exactly for all time the sag intro- 
duced by the cathode circuit alone. Find the value of Rag and Cg to compensate exactly a 
stage with a cathode circuit comprising R; and Cy. Note that both Ra and Cg must be 
specified for the compensation to be good for all time. 

5-2. For an amplifier whose gain function is described by kq. (5-3), what can be said 
about the relationship between the sag (expressed as initial slope) and the steady-state 
low-frequency cutoff frequency? Consider three cases: 

an=t1 

b. n arbitrary but known 

c. n arbitrary but unknown 

5-3. (This problem utilizes the results of several of the previous chapters as well as 
this one.) An amplifier with a gain of 100 db is required. The amplifier is to be made of 
identical stages (as far as high frequencies are concerned) using 6AK5’s. (Assume that 
the load connected to the last stage has the same capacity as the 6AK5 input capacity.) 
The 6AK65 characteristics are 


E; = 6.3 volts 

I; = 0.175 amp 
Cep = 0.02 pf 
Cin = 4.0 pf 
Cout = 2.8 pf 


Assume a total wiring capacitance of 5 pf which is distributed equally between plate 
and grid circuits. 
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Typical operation: 


Ey = 180 volts 

E.2 = 120 volts 

Ea = —1.8 volts 
Ih = 7.7 ma 

Teo = 2.4 ma 


gm = 5,100 ymhos 
Tp = 0.5 megohm 
Tp2 = 20 kilohms 
(Note that the parameters change little with moderate changes in Ey.) 

a. Assuming two-terminal interstage networks with m = 0.25, what is the minimum 
over-all rise time? 

b. How many stages are required to obtain this minimum rise time? 

c. The number of stages found in (6) is excessive; therefore, it is decided to use only 
10 stages to obtain the 100-db gain, but to use the four-terminal networks of Fig. 4-9, 
4-10, or 4-11. With the network which will give the fastest rise time, what is the over-all 
rise time of the amplifier? (Note that capacitance must be added to the interstages to 
preserve the ratio C,/C2 which is required by a given network.) 

d. Assume that one sag-compensating circuit will be used for each pair of stages. Let 
Cy = 200 pf; Cs = Lyf; Rg = 1 megohm; and C,- = 0.1 wf. Compute the necessary 
values for the sag-compensating circuit. For what length of time will the sag be compen- 
sated (make only a rough estimate)? 

e. Carefully draw the complete schematic diagram for two stages of the amplifier, 
including the values of all components. Assume that Ve, = 200 volts. 

5-4. A complete transistor amplifier is shown in Fig. P5-4. The common-collector 
stage at the input provides a high input impedance; the common-collector stage at the 
output provides a low output impedance; and the voltage gain is provided by the 


-10v 


+10v 
Fig. P5-4 


common-emitter stage in the middle. Assume that re = 10 ohms, rp = 1 kilohm, r, = 1 
megohm, and a = 0.99 for all transistors. 
a. What is the over-all voltage gain? 
b. What is the value of Ca required to give zero initial sag in the output voltage vo(é)? 
(Be sure to make all reasonable approximations in the representation and calculation 


of the circuit.) 


6 
Additive Amplification 


Conventional amplifier systems, as discussed in the three chapters pre- 
ceding this one, could be called “product’”’ amplification. That is to say, 
when several stages are connected in cascade, the over-all gain function (of 
the variable p) is the continued product of the separate stage gain functions, 
as expressed for instance in Eq. (4-43). In contrast, the amplifier structures 
to be described in this chapter have a gain function which is the sum of the 
“gains” provided by the separate elements. 

Product, or cascade, amplification is older and more widely used. If the 
requirements on rise time (or bandwidth, in the steady state) are not too 
severe, a given amount of gain can be provided with fewer tubes in the 
cascade connection. But when the requirements are severe, it may be 
impossible to meet them with the product system, and yet the same tubes 
may be used in an additive structure to meet the requirements. The 
criterion that determines whether or not the cascade structure will work 
is the familiar quotient of gain over rise time, a factor which depends 
primarily on the tube (Table 4-1) but which may be improved by more 
complicated circuits, e.g., Figs. 4-9ff. 

The difficulty becomes apparent when one is faced with providing a 
certain over-all gain for n stages (n unknown) and a certain over-all rise 
time Try. There are various tube types available, each with a particular 
Gm/C, and one has at his disposal certain networks, each having an efficiency 
factor 7, expressing the relative speed with respect to the elementary re- 
sistance-coupled circuit. These are the “building blocks.” Unfortunately, 
there is a limit to what can be done. As given in Eq. (4-54), the analysis 
by Elmore has shown that there is a minimum rise time that can be achieved 
with a given over-all gain which occurs when the stage gain is ~e. If the 
requirements call for a smaller rise time than Eq. (4-54) permits, the job 
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cannot be done with cascade amplification unless better tubes or networks 
are developed (the networks cannot be expected to provide an efficiency 
much better than 4, and they become inconveniently complicated at values 
of 2). 

Additive amplification is the solution. In fact, it works even when each 
tube contributes a “gain” of less than unity! There are two principal types 
of additive structures. One of these is called the “distributed” amplifier; 
it was first employed in a British television installation in 1937, and has 
been in extensive commercial use in the United States since 1948. The 
other is the “split-band” amplifier and is still under development. 

6-1 Basic Theory of Distributed Amplification. This form of 
amplifier structure was first proposed by Percival in 1935 in a British 
patent,! although the system did not go into active use until after the first 
published analysis ? in 1948. 

The basic idea of the distributed amplifier is surprisingly simple, although 
there are, of course, many practical matters that contribute to the difference 
between actual performance and the first-order theory. The elementary 
form of the structure is given in Fig. 6-1. The networks £,C, comprise the 
so-called grid “line,” a cascade of filter sections in which the capacitors 
C, are the input capacitance of the tubes. Similarly, the networks L.C2 
are the plate line,® C2 being the output capacitance of the tubes. The two 
lines are designed to have the same phase velocity and are terminated in 
their characteristic resistances Ro; and Roo, respectively, so that no reflec- 
tions take place. The lines are further assumed to be dissipationless, so 
that a wave can travel along either of them without attenuation. 

Within the limits of these idealized conditions, the following relationships 
hold: 


Characteristic impedance 


(6-1) 


1W. C. Percival, Thermionic Valve Circuits, British Patent 460562, July 24, 1935~ 
Jan. 25, 1937. 

2. L. Ginzton, W. R. Hewlett, J. H. Jasberg, and J. D. Noe, Distributed Amplifica- 
tion, Proc. IRE, vol. 36, pp. 956-969, August, 1948. 

3The conventional filter formulas are open to question where the plate line is con- 
cerned, since the structure is driven by a number of current generators along the 
structure instead of by a single generator at oneend. This situation is analyzed by D. V. 
Payne, Distributed Amplifier Theory, Proc. IRE, vol. 41, pp. 759-762, June, 1953; 
discussion by R. W. A. Scarr, Proc. IRE, vol. 42, pp. 596-598, March, 1954. 
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1 yf 
o= = 6-2 
Yp.0 LC. C, TC Co (6-2) 


Plate current of each tube = g»|V1| (6-3) 


Phase velocity (sections per second) 
1 


Because of the equal velocities in grid and plate lines the plate-current 
contributions of successive tubes will add directly; i.e., they are all in phase 


at the load. 
NGm Vy 


Load current = (6-4) 
The factor 2 in Eq. (6-4) comes in because half the current contributed by 
each tube flows to the left in the plate line and is lost in the terminating 
resistor Rog. In spite of the current thus lost, the resistor Rog is usually 
necessary to prevent reflection of the wave traveling to the left of each 
plate, which at certain frequencies could cancel the wave traveling to the 
load. 


Nm V 

Output voltage Vo = = : Roo a (6-5) 
V. R 

Amplification A4&—s= a (6-6) 
V; 2 


Equation (6-6) displays the basic property of the distributed amplifier, 
namely, that the amplification increases linearly with the number of 
“stages’’; i.e., each tube contributes a gain of g,Ro2/2, and the total gain is 
the sum of the individual contributions. Indeed, each tube may contribute 
a gain of less than unity, and yet the total gain can be made as large as 


C2 Cz C2 V, R,=Ro ° 
WR o2 2 L= oo 
"Ln / 2 D2 L2 L,/2 f+ 
y VUQ QOQ t nae © 
ocd 
L,/2 ~ 
Oo 00 “yi 5 oe 
{+ QL, Ly, L,/2 Pe 
oy i. ms & CG Ra* , 


Fig. 6-1 Distributed amplifier. ~ 


= 
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desired by adding a sufficient number of tubes. This situation is not pos- 
sible with cascade amplification. 

6-2. Cascading Distributed Amplifier Stages. It is feasible—and 
frequently advantageous—to cascade whole distributed stages of the type 
of Fig. 6-1. This is done by connecting the grid line of the second stage as 
the load on the first stage (with a blocking capacitor for d-c isolation, of 
course). Should Ro; and Rog not be the same, a transformer is in principle 
required to join the two stages in order to prevent reflection. If very low 
frequencies as well as the high frequencies must be amplified, a suitable 
transformer cannot be obtained; if, however, only the band from a few 
megacycles to the upper limit of the amplifier is required, a suitable coaxial 
transformer may be constructed. In the former case, it is usual to make 
Ro; and Rog the same by adding to the smaller of C; or C2 in order to equal- 
ize them. The effect is the same, but the gain is reduced by the added 
capacitance. With the transformer, Eq. (6-6) becomes 


V Ro Rog 
A= NGm 014402 (6-7) 
2 
Tf, instead of a transformer, capacitance is added to the smaller C, 
Ro, : 
A = 1gm 5. if Rog is made equal to Ro; (6-7a) 


The question to be asked about cascading is: When does one stop adding 
tubes along the line in one stage and add further tubes in a second stage? 
This is readily answered for the idealized conditions we have thus far con- 
sidered, ie., that the grid and plate networks behave perfectly as lines. 
Supposing that a total gain A; is required, how few tubes, N, are necessary 
in m stages, with n tubes per distributed stage? Let the contribution of 
each tube to the stage gain A in Eq. (6-7) be A;, where 


Ain : V Ros Ros (6-8) 


Thus A= nA; (6-9) 
A, = (nA;)” = A™ (6-10) 
N = nm (6-11) 

From Eqs. (6-10) and (6-11) 
nin A; = N In (nA,) (6-12) 


Differentiate Eq. (6-12) with respect to n, 


dN N 
In Ay = —In (nA,) + — (6-13) 
dn n 
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For a minimum in N, the total number of tubes, set dV/dn = 0. Then 


N 

In A; = — (6-14) 
n 

A; on Nin = "= Am (6-15) 


Thus A = e(= 8.7 db) to give the most efficient use of the tubes (i.c., 
minimum N).! Of course, we have learned that cascading stages impairs 
rise time and reduces bandwidth, but this consideration has been neglected 
here. (See Sec. 6-5.) 

6-3. Plate and Grid Line Characteristics. Before undertaking an 
analysis which includes the effect of bandwidth shrinkage, we must study 
the plate and grid lines to determine what effects these will have. The basic 
premise in the elementary theory of the distributed amplifier is that these 
networks simulate smooth lines, terminated in the appropriate Ry so that 
no reflections occur. Apart from the termination problem, the important 
requirement is that the velocity (or time delay) per section of the grid net- 
work equal that of the plate network and also that this velocity be constant 
with frequency. This is the same as saying that the phase shift must be 
proportional to frequency. Failure to realize this results in phase distortion, 
which, as was considered in Chap. 4, shows up also in distortion of transient 
signals. Naturally, it is true that the amplitude distortion (as a function of 
frequency) also enters into the transient distortion. The elementary ladder 
networks such as those of Fig. 6-1 have a disproportionate amount of phase 
distortion, and hence an all-out effort to decrease this results in a better 
balance between amplitude and phase distortion and a better transient 
response. 

The problem of designing the best possible network for use in the dis- 
tributed amplifier has its counterpart in the design of the best possible 
delay line from lumped dissipationless elements. These delay lines are used 
in oscilloscopes, radar, etc., and provide small time delays with as little 
distortion as possible, i.e., distortion of rectangular pulses or other transient 
waveforms. Interestingly enough, the network most widely used in delay 
lines is the same as that in the typical distributed amplifier.2 Actually, the 
distributed amplifier presents a somewhat more difficult network problem, 


1 This relationship is given by Ginzton et al., op. cit., and by A. P. Copson, A Distrib- 
uted Power Amplifier, Elec. Hng., vol. 69, pp. 893-898, October, 1950. 

2 References on the delay line include H. E. Kallman, Equalized Delay Lines, Proc. 
TRE, vol. 34, p. 646, September, 1946; B. Chance et al. (eds.), “Waveforms” (vol. 19, 
M.LT. Radiation Laboratory Series), pp. 730-750, McGraw-Hill Book Company, Inc., 
New York, 1948; J. F. Blackburn (ed.), “Components Handbook” (vol. 17, M.I.T. 
Radiation Laboratory Series), pp. 191-217, McGraw-Hill Book Company, Inc., New 
York, 1949; B. Trevor, Jr., Artificial Delay-line Design, Electronics, vol. 18, p. 135, June, 
1945, 
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because the input conductance of the tubes connected to the grid line 
introduces dissipative elements in shunt with the capacitances; this will be 
discussed later. 

Consider now the basic circuit of Fig. 6-1. The grid and plate networks 
have the appearance of transmission lines, in which the infinitesimal ele- 
ments of series inductance and shunt capacitance in the continuous line 
have become finite. It is, indeed, an “artificial line,” and the properties 
of such lines (in the steady state) have been known since the early days of 
the telephone. Moreover, the whole art of the “wave filter” was first 
devised by G. A. Campbell from the concept of the artificial line, and we 


Fig. 6-2 T section. Fig. 6-3 Pi section. 


can profitably use the results of much wave-filter analysis in the problem 
here. 

The artificial line fails us because it has one characteristic not possessed 
by the smooth line, namely, a cutoff frequency f., where 


1 
f= >V LE AN (6-16) 


The significance of the cutoff frequency for the network structure in Fig. 
6-1 (which is shown again in both its T and pi equivalents, in Figs. 6-2 and 
6-3, respectively) is that a chain or ladder of sections of this type will 
transmit frequencies below—but not above—this frequency. Moreover, 
there is an abrupt discontinuity in the phase velocity and the characteristic 
impedance ! at the cutoff frequency, and indeed these parameters begin to 
vary significantly with frequency long before the cutoff is approached. 
Equations (6-1) and (6-2) for the characteristic impedance and velocity 
are those which would be appropriate for a smooth line, if L and C repre- 
sented the values per unit length; they also hold for the lumped network 
at very low frequencies (far from cutoff). The general expressions for the 


1In filter analysis this is called the tmage impedance, which in the case of the input 
impedance to an infinite ladder of sections is also the characteristic impedance. The 
latter is defined in terms of reflections, whereas the former is defined as the input 
impedance to a section when terminated at the output by an impedance equal to the 
impedance looking back into the output terminals, ie., the “image,’’ to use a mirror 
analogy. 


<< 


4 
\ 
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impedance and delay 7 per section (defined as 1/v,) at any frequency in the 
region below cutoff are 


L 1 
Zi. = ./-—===== for the pi section 6-17) : 
: CVI - Gite ae ON 


L fy? 
ice Zit = a 1-— {= for the T section (6-17a) 
\ Cc 


rae VLC 
ie we Tea (6-18) 

Vi1— (f/fe) 

A plot of 7 and Z; is given in Fig. 6-4. It can be seen from the figure that 
there are two problems which were not considered in the ideal-line case. 
One is the termination problem, and the other the time-delay, or velocity, 
problem. It is important that the grid and plate networks be terminated 
so that there are no reflections; otherwise, as the frequency is varied, the 
reflected wave could alternately add to and subtract from the forward 
wave, thus producing variations in the amplifier gain as a function of fre- 
quency. From Fig. 6-4 it is apparent that the terminating impedance must 
vary with frequency in the manner indicated there, instead of being a simple 
resistor as depicted in Fig. 6-1. 

The other problem, time delay, is serious from the standpoint of the 
transient response. The curve of Fig. 6-4 displays phase distortion; ie., 
the time delay is not constant as would be the case with phase proportional 
to frequency. The discussion in Chap. 4 brought out the undesirable 
transient performance resulting from phase distortion. 

Both of the problems which have been described above, termination and 
time delay, can be solved sufficiently well for practical purposes, although 


I 
| 
I 
| 
| 
I 
{ 
| 
I 
I 
| 


r/¥LC (for T or m section) 
Z,/ VL/C (for 7 section) 
m 
Z,/¥L/C (for T section) 
es 


0 f/f, 1 0 f/f, 1 


Fig. 6-4 Image impedance and time delay for sections shown in Figs, 6-2 and 6-3 
(constant-k sections). 
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the solutions are by no means the ultimate. Consider first the termination 
problem. The proper terminating impedance, with an approximation to 
the characteristic as in Fig. 6-4, can be provided by what the filter experts 
call an ‘“m-derived half section.” A few words might be in order concerning 
the background of terminology, as well as the device itself. 

The network sections of Figs. 6-2 and 6-3 are “lowpass” forms of general 
filter sections shown in Figs. 6-5 and 6-6. Proper choice of the elements 


Fig. 6-5 Constant-k prototype T section. Fig. 6-6 Constant-k prototype pi section. 


making up Z, and Zz permits not only lowpass structures but also highpass, 
bandpass, and band-elimination filters. One basic type of all these is the 
so-called ‘“constant-k”’ structure, in which, independent of frequency, the 
following relationship holds: 


k? = ZZ,  kareal number (6-19) 


The image impedance of the constant-k section is 


—— 

Zhe = [ue + Fig. 6-5 (6-20) 
DyZo 

7 VDD + 2127/4 


The m-derived section evolves from the constant-k one in the following 
manner: If a network section is assembled as in Fig. 6-7, in which Z, and Zz 
are the same as in the constant-k (sometimes called “‘prototype’’) section of 
Fig. 6-5, such a section is said to be m-derived. The coefficient m can be 


Zr Fig. 6-6 (6-21) 


mL/2 mL/2 


to 


Fig. 6-7 m-derived section. Fig. 6-8 m-derived lowpass section. 
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any real constant, not necessarily an integer. The m-derived counterpart 
of Fig. 6-2 is shown in Fig. 6-8. 

If the total shunt impedance is defined as Z) and the total series imped- 
ance is defined as Z}, that is, 


Zi & mz, (6-22) 
Z 1— m? 
and eid ai (6-28) 
m 4m 


then substitution into Eq. (6-20) for Z,r gives the new image impedance, 
which turns out to be exactly the same as that for the constant-k section. 


mL/2 a mL/2 4 


0 f/f, 1 


Fig. 6-9 m-derived half section. Fig. 6-10 Image impedance of m-derived 
half section. 


Hence, such a section could be inserted in a ladder of prototype sections 
without producing reflections at any frequency. There are positive advan- 
tages to the m-derived section, beyond this permissive attribute of being 
able to use the section in combination with the basic constant-k structure. 
The first advantage comes in connection with the termination problem. 
Suppose that we split the m-derived section of Fig. 6-8 into two half sections 
as in Fig. 6-9 and then examine the image impedance looking into the 
terminals a-a’; this is called the mid-shunt impedance Z;,,. 

The impedance may be found by substituting Z{ and Z into Eq. (6-21) 
for Zr 7) 


L 1 — (1 — m?) (f/fe)? 
Cc V1- (f/f. 


Zin = 


(6-24) 


For various values of m, Z;,, varies with frequency, as indicated in Fig.. 
6-10. This is quite remarkable, because for all values of m the image 
impedance of the main section (terminals b-b’) remains as in Fig. 6-4. The 
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value m = 0.6 is particularly useful. Notice that Z{,,/L/C is real and 
very close to 1.0 up to a frequency nearly equal to f,. Our terminating 
technique is now in hand. We connect a resistance R = +/L/C to the 
terminals a-a’; this matches the image impedance Z},, (within the limits of 
the approximation of the m = 0.6 curve), and hence looking to the left at 
b-b’ the impedance Z; is the same as though there were an infinite number 
of either m-derived or constant-k sections extending to the right, which 


a b 


Fig. 6-11 Distributed amplifier showing the terminating half section. 


ladder is then terminated. In Fig. 6-11 this is done for the plate network 
of the distributed amplifier. 

Our first problem is thus solved, with the aid of the ‘terminating half 
section.” Four of these terminations are usually required, one at each end 
of both grid and plate networks. 

The next problem, that of the frequency-variable time delay, is also 
solved with the employment of an m-derived structure. If one explores 
the time delay per section for various values of m, curves such as those of 
Fig. 6-12 are obtained. Notice that m = 1.27 has a particularly favorable 
characteristic; in that the delay time 
remains approximately constant to a 
high frequency; this is the value usually 
chosen for delay lines and distributed 
amplifiers. Remember that choosing 
any particular value of m, such as 1.27, 
has no effect on the image (character- 
istic) impedance Z;,7; so all that has 
been said about terminations, etc., is 
unaffected by whether we use constant-k 
or m-derived sections associated with 

0 f/f, each tube in our amplifier. 
Fig. 6-12 Time delay in m-derived There is one slightly embarrassing 
section. feature in choosing a value of m 


Relative delay, per section —> 
ee 
°o 
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greater than unity: a negative inductance is required in the shunt branch 
(see Fig. 6-8). Such a requirement can be met, however, by providing 
mutual inductance of the proper amount between the two series elements. 
Thus, in Fig. 6-8 we interpret the three inductances to represent the T 
equivalent of a transformer and then replace the equivalent by an actual 
transformer. It is possible for the actual transformer to be physically 


Fig. 6-13 Section using mutual induct- Fig. 6-14 Physical form of Fig. 6-13. 
ance to realize m > 1. 


realizable, even though the T equivalent is not. Thus, the circuit of Fig. 
6-8 becomes that of Fig. 6-13. In practice the transformer is constructed 
by tapping onto a single-layer coil of suitable proportions,! as indicated in 
Fig. 6-14. 

Thus, each section of the distributed amplifier is arranged as in Fig. 
6-14, where the capacitance is either the input capacitance or the output 


Fig. 6-15 Complete plate-line network showing both phase and impedance equalizing 
sections. 


capacitance of the tube. The complete form of the plate network, for 
instance, would then be as in Fig. 6-15. This, then, is the basic design 
philosophy of the distributed amplifier, as currently being used. The 
steady-state response is quite acceptable to very high frequencies, in spite 
of the fact that the approximation involved in the terminating half sections 


1See Kallman, op. cit.; also see B. Murphy, Distributed Amplifiers, Wireless Engr., 
vol. 30, pp. 39-47, February, 1953. ~ 
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gets worse as the cutoff frequency is approached. From the standpoint of 
transient response, the approximation does not seem to work out as well, 
and in practice there is a certain amount of cut-and-try manipulation of the 
termination on an experimental basis, while the operator observes the shape 
of the transient response. 

Other forms of networks have been employed, such as the bridged T, 
but the arrangement of Fig. 6-15 is the most widely used. It is possible, 
for instance, to use a continuous solenoid for the plate or grid line, with 
taps along its length for the tube connections.! 

6-4 Effect of Tube Input Conductance. In a practical case, where 
the amplifier is to operate at frequencies of 100 or 200 Me, the analysis 
should be extended to include the effects of the input admittance of the 
pentode tubes. This input admittance has both a capacitive and a conduc- 
tive component (see Fig. 2-15b). The latter component is the more serious 
in the distributed amplifier, because it produces attenuation of the signal 
traveling down the grid network. The conductance of the tubes increases 
with the square of frequency, and so as the frequency is increased, the 
attenuation ultimately reaches a level such that the attenuation per section 
is greater than the gain provided by the tube; beyond this frequency the 
gain diminishes—and adding more tubes only makes matters worse. The 
negative input conductance due to inductance in the screen lead may be 
used to decrease the total input conductance, but care must be used to 
prevent regeneration. 

The attenuation due to input conductance has been analyzed in the 
literature.2, One important conclusion is that, since the magnitude of the 
input conductance is proportional to the cathode lead inductance and 
cathode-grid transit time of the tube, the choice of tube must involve these 
factors as well as the usual ratio of g,, to capacitance. 

6-5 Cascade vs. Distributed Amplification. We may now re- 
turn to the problem of the optimum method of cascading distributed 
amplifier stages, this time taking into account the bandwidth shrinkage 
neglected in the preceding analysis. An interesting case to consider would 
be to regard the over-all gain and bandwidth as the fixed parameters and 
to solve for the arrangement of the amplifier giving the fewest number of 
tubes. We shall make one assumption to proceed with the analysis, 


Ses 
Set Tr “/m 


1H. G. Rudenberg and F. Kennedy, 200-Mc Traveling-wave Chain Amplifier, 
Electronics, vol. 22, pp. 106-109, December, 1949. 

2W. H. Horton, J. E. Jasberg, and J. D. Noe, Distributed Amplifiers, Practical 
Considerations and Experimental Results, Proc. TRE, vol. 38, pp. 748-753, July, 1950. 
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This equation is analogous to the equation giving the combination of rise 
times [Eq. (4-37)]; i.e., here the over-all bandwidth f,,, of the amplifier is 
proportional to the individual stage bandwidth f,,; and inversely propor- 
tional to the square root of the number of distributed stages, m. This is a 
reasonable assumption if the individual stages are adjusted to give a good 
transient response such as an amplitude response resembling a gaussian 
curve. 

The characteristic resistance of the lines may be expressed in terms of the 
stage cutoff frequency 


1 
Foss = Tey - 
7/LO (6-16) 
R : 2. 
= ear, (6-25) 


Equation (6-6) for the distributed stage gain may then be written in terms 
of the cutoff frequency, 


_ Ngmlo _ gm 1 nfo 


A= 2 n nC fi ad re (6-26) 
4 Gm 
fo = 5.0 (6-27) 


The quantity fo is a figure of merit for the vacuum tube similar to the 
gain/rise-time quotient discussed in Chap. 4. Observing that again the 
total number of tubes N = nm, and substituting V mf c,1 for fe, We can 


write for the over-all gain 
Nfo \” 
Ai= ( ) (6-28) 


3 
m” fost 


Differentiating Eq. (6-28) to find dN/dm and setting it equal to Zero gives 
the proper stage gain, A, to result in the minimum number of tubes, N. 


A=e*% (approx. 13 db) (6-29) 


Unlike the cascaded-amplifier example, this particular value of A does 
not give the maximum over-all bandwidth, but only the most efficient use 
of the tubes to give the prescribed bandwidth and gain. 

A further question which might well be asked is: When does one change 
from using cascade amplification in favor of distributed amplification? The 
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Fig. 6-16 Gain-bandwidth diagram for cascaded and distributed amplifiers. 


situation for the two kinds of amplification is depicted in Fig. 6-16.! Here 
the actual gain of the amplifier is plotted as a function of normalized band- 
width. For a single-stage RC amplifier the gain is unity (0 db) for a band- 


1 The equations for the lines in the graph of Fig. 6-16 may be obtained by assuming 
that the over-all bandwidth f,,, of a cascaded RC amplifier is related to the stage band- 
width fei by fe, &fei/+/n. The gain-bandwidth product of the tube is fo £ Gm/2aC 
[Eq. (3-89)]. Then the gain of n stages becomes 


An 


i 


ee nora) 7 (4; fe, -) 
V afer 
fo 


and 20 log An = —20n log 


This is the equation for the left-hand lines in Fig. 6-16. 
For the distributed amplifier the gain is given by Eq. (6-28), with N =nm substituted, 


nfo ae 
A = -Ee-) 6-28 
Vmfet ( Q 
V nf 
20 log A = —20m log vale 
0 


This is the equation for the gain of the distributed amplifier. Note the difference in the 
definitions for C in the equation for fo for the two kinds of amplifier. Also note that 
the graph serves only as a guide because the usable bandwidth of a distributed amplifier 
is not as great as f,, the filter cutoff frequency. 
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width equal to the gain-bandwidth product of the tube. The gain varies 
inversely with bandwidth as shown for the line marked “1 tube,” which 
could be regarded as the simplest cascaded or distributed amplifier. In the 
cascaded amplifier increasing the number of stages changes the slope of the 
line (A = 1/f,") but moves the intercept of the line to the left since the 
bandwidth decreases as the number of stages is increased (unity-gain inter- 
cept = 1/+/n). Note that the dashed lines which indicate the gain for an 
n-stage nondistributed amplifier define a forbidden region to the right of all 
the lines which it is impossible to enter with a cascaded amplifier. For 
example, with RC stages a gain of 40 db with a bandwidth of 0.25fp cannot 
be obtained. The use of more complicated interstages simply has the effect 


Fig. 6-17 Split-band amplifier. 


of multiplying the abscissa by the ratio of the bandwidth of the network 
to the bandwidth of an RC stage having the same gain. (This ratio is 
similar to 7 defined in Chap. 4.) An improvement ratio greater than 3 is 
unlikely with practical networks. Even with such a complicated network, 
40 db of gain could be obtained with only about 0.6/9 bandwidth. 

The solid curves represent the situation for distributed amplifiers: here 
the gain (without cascading) is proportional to the number of tubes and is 
inversely proportional to frequency. Note that gain is obtained in the 
region which is excluded for cascaded amplifiers. On the assumption that 
the same laws of bandwidth reduction as used previously apply to cascaded 
distributed amplifiers, lines giving the gain may be drawn for more com- 
plicated combinations. Two such lines are shown, each for three stages, 
but one for 4 tubes per stage and one for 10 tubes per stage. The bandwidth 
for a 12-tube amplifier at which the distributed-amplifier approach gives 
less than a cascaded amplifier is 0.14f9. Note, however, that each distrib- 
uted stage is giving 744 = 24.7 db gain, which is more than the optimum 
for a minimum number of tubes—hence an example with a smaller number 
of tubes per stage would give better results. 

The decision to select the distributed amplifier is easy when the gain and 
bandwidth required fall outside those obtainable with cascaded amplifiers, 
but the choice becomes a matter of economics if either type of amplifier 
would suffice. One additional consideration may enter into the final 
selection. In the case of an output stage which must develop a considerable 
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output-voltage swing, the distributed amplifier is advantageous because 
the total plate-current swing which develops the output voltage is n/2 
times the plate-current swing of one tube. This property has been utilized 
to realize wideband power amplifiers where each tube in the distributed 
chain may be a vhf power tetrode. 

6-6 Distributed Amplifiers Using Transistors. Obtaining a dis- 
tributed amplifier with transistors for active elements is a considerably 
more difficult task because of two principal problems: (1) the input admit- 
tance of the transistor has a considerable conductance component, which 
loads the input line, and (2) the device is not unilateral, and feedback 
effects result which are difficult to account for. At least one such successful 
amplifier has been constructed and gives reasonable performance.! The 
need for such amplifiers is somewhat open to question with the advent 
of transistors with extremely large gain-bandwidth products. Transistors 
with gain-bandwidth products of 5,000 Mc have been constructed which 
enable amplifier bandwidths of 1,000 Mc or more to be obtained. At such 
a bandwidth lumped-constant circuits are no longer practical; consequently 
a further increase in bandwidth cannot be obtained by the distributed- 
amplifier techniques unless some way of utilizing coaxial circuits can be 
found. 

6-7 Split-band Amplifier. The split-band amplifier, sometimes 
called the parallel-chain amplifier or divided-band amplifier, has been pro- 
posed at various times and is the subject of a limited amount of recent 
research.2 The basic structure consists of two (or more) amplifiers in 
parallel, each providing gain over a portion of the entire passband needed, 
as depicted in Fig. 6-17. The individual amplifiers may be either cascade 
or distributed. Although the ultimate performance of this split-band 
structure holds great promise, there is difficulty in designing the branching 
networks N; and N» and the characteristics of each amplifier so that the 
entire assembly has the desired frequency response, particularly in the 
critical “crossover” region. 

1p, H. Rogers and L. H. Enloe, “Transistor Distributed Amplifier,” U.S. Signal Corps 
Contract DA-36-039 SC-75021, Final Report, Mar. 15, 1958-Feb. 1, 1959, Applied Re- 
search Laboratory, University of Arizona, Tucson, Arizona. 

2J. C. Linvill, Amplifiers with Prescribed Frequency Characteristics and Arbitrary 
Bandwidth, M.I.T. Research Lab. Electronics Tech. Rept. 163, July 7, 1950; H. A. 
Wheeler, “Maximum Speed of Amplification in a Wideband Amplifier,” Wheeler Mono- 
graph 11, Wheeler Labs., Inc., Great Neck, N.Y., July, 1949. 
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PROBLEMS 


6-1, A single-stage distributed amplifier is required to deliver a 100-volt peak-to-peak 
signal (square wave) and have a cutoff frequency of 50 Mc. The tubes to be used are 
6CB6’s with gm = 6,200 uzmhos, Cin = 9 pf, Cout = 5 pf (these capacitances include an 
allowance for stray wiring capacity); the maximum plate current permitted (per tube) 
is 25 ma. The networks to be used are m-derived sections designed for constant time 
delay; that is, m = 1.27. In this application there is no necessity to make the grid- and 
plate-line impedances equal; hence no additional padding capacity is needed. 

a. How many tubes must be used to obtain the desired output voltage? 

b. What is the gain of the stage? 

c. What is the characteristic impedance of the grid line? 

d. Draw a terminating half section (m = 0.6) for the plate line, and show element 
values. 

6-2. A 5654 pentode has the characteristics given below. 

Find the arrangement of tubes in a cascaded, distributed amplifier that will produce 
50 db of voltage gain with 100 Mc bandwidth, and use the minimum total number of 
tubes. Assume that the bandwidth of cascaded stages decreases as 1/4/m. Sketch the 
arrangement of a single stage including all necessary biasing and coupling impedances, 
as well as the signal-element values. Only one supply voltage is to be used, but you may 
specify its value. 

Calculate the values which affect the low-frequency behavior so that the over-all sag 
is 0.1 per cent/ysec and each source of sag contributes equally. 


Cin = 4.0 pf Ip = 7.5 ma 
Cout = 2.85 pf I = 2.5 ma 
Assume a wiring capacity of 2 pf at grid and plate. 
Ey, = 120 volts Tp = 0.34 megohm 
E.2 = 120 volts Tp2 = 20 kilohms 
E£.. = —2 volts Wp = 1.65 watts max 


9m = 5,000 »zmhos Wee = 0.55 watt max 


(Note that variations of +20 per cent in ZH, make little difference in the tube charac 
teristics.) 


7 
Introduction to the Filter Amplifier 


The previous discussion has centered around the transient response of 
aroplifiers. The only function of the ampiifier was to provide gain with as 
little distortion of the waveform as possible. Suitable test waveforms were 
the step and square wave, and hence there was developed a technique of 
evaluating amplifier performance in terms of the response to such wave- 
forms. The steady-state response of the amplifier was purely incidental. 

In amplifying portions of many systems, however, there is an additional 
requirement. Not only is an amplifying unit expected to produce gain over 
a bandwidth sufficient for the information contained in the signal, but it 
must also reject signals outside the appointed band. This is primarily a 
steady-state matter; i.e., we are talking in terms of the frequency response 
of the system. It may of course be true that the desired signal which is to 
be amplified consists primarily of transient waveforms and that the tran- 
sient response must therefore not be entirely ignored. Nonetheless, we 
shall seek to allow for this through use of the interrelationships developed 
in the preceding chapters between steady-state and transient response. 

Our principal concern will be with bandpass amplifiers, rather than with 
lowpass or highpass. In one sense we considered the lowpass amplifier in 
the preceding chapters, but there were no requirements that the amplifier 
reject frequencies above any prescribed frequency limit. Bandpass ampli- 
fiers are fundamental to all types of systems using the radio-frequency 
spectrum on a frequency-separation basis (as opposed to time separation, 
e.g., multichannel pulse-time modulation), including radio, radar, and car- 
rier on wire lines. 

There are several aspects of the design requirements, and their relative 
importance will vary from one application to another. These are the 
center frequency fo, the bandwidth B, and the gain magnitude Aj at band 
center. It shall be the objective here to present techniques which make 
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possible the achievement of really difficult combinations of requirements, 
viz., high gain and large bandwidth all in one amplifier, together with good 
rejection of signals outside the passband. 

The bandpass amplifier can, of course, use either vacuum tubes or tran- 
sistors for active elements; however, the present state of the art of designing 
transistor bandpass amplifiers is considerably the more rudimentary. 
Therefore the discussion will center about vacuum-tube examples. The 
general principles which will be explored are applicable to either transistor 
or vacuum-tube cases; consequently the discussion should be quite valuable 
even to one primarily interested in the transistor amplifier. 


Fig. 7-1 Equivalent circuit for pentode at medium to high frequencies. 


The equivalent circuit which is valid for the usual frequency ranges of 
pentode operation is that of Fig. 2-15, which is repeated here as Fig. 7-1. 
The tube capacitances Cin and Cout plus the associated wiring capacitances 
C usually comprise the total interstage capacitance in a wideband amplifier 
because any additional capacitance, such as a tuning capacitor, reduces 
the gain which can be obtained for a given bandwidth. The grid-plate 
capacitance C’,, is usually small enough in a modern pentode to be neglected 
as a feedback element because of the relatively low stage gain in a wideband 
amplifier. If the source and load impedances for the stage are high, how- 
ever (which implies a narrow-band situation), the feedback due to the grid- 
to-plate capacitance may be sufficient to alter radically the gain character- 
istic, or even to cause oscillation. If Cz is neglected, the current generator 
9mV , is the only coupling between input and output; hence the equivalent 
circuit becomes a linear unilateral network. The input conductance, which 
was given by the empirical equation (2-36), varies predominantly with the 
square of frequency with a modern tube; however, g; is usually regarded as 
a constant across the passband of interest [that is, g; = gi(fo), where fo is 
the band-center frequency]. The circuit damping conductances, which are 
added to broaden the interstage, are in parallel with g; and tend to mask the 
variation of g; with frequency. 

Our basic problem consists in assembling useful combinations of tubes 
(or transistors) and interstage networks, usually in the cascade (or ‘‘tan- 
dem,” or “‘chain”’) arrangement, in such a way and with such components 


166 INTRODUCTION TO THE FILTER AMPLIFIER [Cuap. 7 


as to provide a desired gain and amplitude response. (Nore: Amplitude 
response will be the abbreviated way of saying “amplitude response vs. 
frequency,” or “gain magnitude vs. frequency.’’) 

The problem is similar to that of designing a filter consisting of passive 
network elements only. Indeed the properties of the over-all transfer 
function of an amplifier have many points in common with that of the pas- 
sive filter. It might be said in this regard that we are dealing with applied 
network theory. Our task is more difficult in two respects: (1) the amplifier 
must provide gain, and (2) we are restricted to interstage networks that 
will function properly in combination with the irreducible equivalent net- 
work of the active device (e.g., Fig. 7-1). As a consolation, however, it 


G, 


1 K, K. 2 
Fig. 7-2 Single-tuned interstage showing all pertinent elements. 


will turn out that the unilateral property of the tubes serves to ‘‘isolate’’ 
the interstage networks, and certain advantages are gained, both in the 
design and in the adjustment of the amplifier, as contrasted with the 
completely passive structure. One of the major problems with the tran- 
sistor case is caused by the nonunilateral nature of the device, which 
introduces interaction from one stage to the next. 

Since the interstage networks can be only those which “fit in” with the 
tube or transistor, it might well be expected that only certain classes of 
interstages have been found to have practical value. This is indeed the 
case, and the synthesis of the filter is largely a matter of selection, as to both 
active element and network, based upon suitable figures of merit for compar- 
ing their value. Therefore we shall commence the study by an examination 
of several types of interstage network, beginning with the simplest. 

We shall not proceed far in the direction of netwerk complexity, although 
the frequency response of a multistage amplifier may be identical in its 
characteristics to that of a complicated filter. Where many stages are 
needed to supply gain, it is good strategy to distribute nonidentical, simple, 
filter-type networks between the stages, each designed in such a way as to 
yield in the combination the desired over-all response. This comprises the 
so-called “‘filter amplifier,” a term introduced by Butterworth.!_ When only 


18. Butterworth, On the Theory of Filter Amplifier, Exptl. Wireless and Wireless 
Engr., vol. 7, p. 536, October, 1930. 
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a few stages may be needed to provide the required gain and yet the desired 
frequency response is that of a filter with many sections, it is possible to 
employ networks of greater complexity than those commonly used with 
filter amplifiers. Such networks differ from the usual passive filters in that 
they must provide for capacitance at input and output terminals and also 
for finite Q@ of the inductors.1_ Adjustment of such networks calls for special 
techniques.? 

7-1 Properties of a Single Pentode Stage with a Single-tuned 
Interstage. As a starting point, suppose that our gain requirements are 
so modest as to permit the use of one stage alone. Or even if they are not, 
the single stage is the fundamental 
“building block” in the multistage 
amplifier. 

Next, let us see what can be done 
with the simplest possible interstage 
network, and let us use the perform- 
ance of such a network as a calibration 
for comparing other, more complicated 
networks. 

An alternative approach might be to study the general properties of two- 
terminal interstage networks, as the simplest class of networks, and without 
regard to particular configurations. This is more properly in the province 
of a course in network theory,’ and time does not permit the full develop- 
ment of these matters here. We shall find it of considerable value, however, 
to draw upon the results of such development. 

As a practical matter, the only form of two-terminal interstage in exten- 
sive use today is the single-tuned network. Starting with the basic equiv- 
alent network for the tube (Fig. 7-1), the single-tuned interstage is con- 
structed by adding a shunt inductance ZL, tuned to resonance at the desired 
center frequency with the total interstage capacitance Cin + Cout + Cu, 
and a resistance F as illustrated in Fig. 7-2. With most pentodes r, and g; 
may be ignored in comparison with R, in which case the circuit reduces to 
that of Fig. 7-3. In any event, R can represent the parallel combination 
which includes r, and g;. The capacitor C likewise represents the parallel 
combination of Cout, Cin, and stray wiring capacitance Cy. 


Fig. 7-3 Circuit for a wideband inter- 
stage. 


1M. Dishal, Design of Dissipative Band-pass Filters Producing Exact Amplitude- 
frequency Characteristics, Proc. IRE, vol. 37, pp. 1050-1069, September, 1949; T. C. 
Wagner, The General Design of Triple- and Quadruple-tuned Circuits, Proc. IRE, vol. 
39, pp. 279-285, March, 1951. 

2M. Dishal, Alignment and Adjustment of Synchronously Tuned Multiple-resonant- 
circuit Filters, Proc. IRE, vol. 39, pp. 1448~1455, November, 1951. 

3D. F. Tuttle, Jr., “Network Synthesis,” vol. 1, John Wiley & Sons, Inc., New York, 
1958; see also H. W. Bode, “Network Analysis and Feedback Amplifier Design,” D. Van 
Nostrand Company, Inc., Princeton, N.J., 1945. 
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It must be pointed out here that in 
adding parallel R we have elected to 
explore the wideband case. If we 
wanted a narrow-band amplifier, we 
would add no shunting resistance and 
Fig. 7-4 Circuit for a narrow-band Mie be ane pulcthas the inductor E 
interstage: appropriate losses (Q) to give 

the desired bandwidth. The inductor 
losses, usually considered as a series resistance R,, are generally the dom- 
inant factor in determining the bandwidth, and hence the proper equiv- 
alent circuit is that of Fig. 7-4. This case is thoroughly explored in the 
radio-engineering books,} and we leave it now in favor of the more difficult 
task of maintaining a wide band simultaneously with high gain. 

The gain function A(p) for the circuit of Fig. 7-3 may be written in 
several equivalent forms, 


V aw nV Z 1 
Ver Var i renee”, 
pL R 
1 
A(p) = —9nk ———___—_—_ 
@) = ~ Gal Re + I/ph) 
1 1 
= —9nlt —— = —9nkk ———-—-——_ (7-2) 
wi a) 
i+—(2 ~) 1+0(2+ *) 
wol WoO et) 
R 1 
a ee & 
where Q GE OOF TG 
ee ee popes 
For p = jo (jw) = —9m i oui ae 
R : (7-3) 
9" 1 +300 /fo — Jo/P) 
fe> fo> 
where oe aie 


1 For example, F. E. Terman, “Electronic and Radio Engineering,” 4th ed., McGraw- 
Hill Book Company, Inc., New York, 1955. 

2 The definition of Q here is that suitable for a parallel resonant circuit (Fig. 7-3); for a 
circuit in which R, is in series with L, as in Fig. 7-4, Q 2% woL/Re. 
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The maximum gain, which is obtained at midband (f = fo), is 
[A (jwo)| = gmk (7-4) 


At the upper and lower band-edge frequencies wg and w, (or fo and fi), 
respectively, the gain is 3 db less than at midband. 


1 

A(jon,J = —g,k ——— 
(ju1,jw2) g Payl 
IAG adie (agen 

J@1,J02) | = Jo, /2 


or ae eS ee 


fo f2 fi fo ® 
The bandwidth of the stage is 
fo 


et ae ies (7-5a) 
1 


~ 2rRC 
The two frequencies f; and f2, at which the magnitude of the gain function 


(sometimes called the “amplitude response,” or simply “‘response”’) is down 
3 db from that at band center fo, are related by 


(7-5b) 


== (7-6) 


Thus, fp is the geometric mean of f; and fz, and the passband of the amplifier 
is said to possess “geometric symmetry” about fo. 

Notice that in Eq. (7-5b) the bandwidth is independent of the center 
frequency fo. In Eq. (7-5a) fo appears, but it is also implicit in Q and 
cancels out in the quotient. 

Notice also that in Eq. (7-4) the gain is independent of the center 
frequency. Most important of all, however, observe that, in the product 
of Eqs. (7-5) and (7-4), the gain-bandwidth product GBP is not only 
independent of frequency but is also independent of the resistance R, 

GBP 4 gain x bandwidth = 2. (7-7) 
2nC 
Since this is the same equation obtained for the lowpass case [Eq. (3-89)], 
the GBP is independent of whether the amplifier is low- or bandpass. In 
either case gain is inversely proportional to bandwidth. (This is not 
necessarily true for the transistor amplifier.) 
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The product of gain times bandwidth for the single-tuned circuit as 
given by Eq. (7-7) is determined primarily by the tube. Except for stray 
wiring capacitance, the quantity C is largely due to the tube, and so also, 
of course, is gm. This tells us that, in selecting a tube for large gain and 
bandwidth, the g,,/C ratio should be as Jarge as possible.!. Moreover, there 
is no benefit in a large g,—such as might be achieved by connecting several 
tubes in parallel—if the capacitance C is increased in the same proportion. 

The expression in Eq. (7-7) is the gain-bandwidth product (GBP), a term 
which we shall distinguish carefully from the gain-bandwidth factor (GBF). 
The latter is a figure of merit that is useful in comparing various interstage 
networks against the single-tuned stage as a yardstick. This is what we did 
in the transient analysis of fast amplifiers; the relative speed of various 
circuits such as shunt peaking was compared with the resistance-coupled 
stage. Thus, the gain-bandwidth factor of a circuit is obtained by taking 
the gain-bandwidth product and dividing it by the gain-bandwidth product 
of the single-tuned stage, namely, gn/27C. We shall find that for two- 
terminal interstages the maximum gain-bandwidth factor is 2.0, while with 
four-terminal networks it can theoretically be as great as 77/2, or 4.93. 

The gain function A (jw) given in Eq. (7-3) can be simplified if the circuit 
bandwidth is, say, 10 per cent or less. 


WO w@ Wow Wow 


> since w & wo 
ot) 
Therefore the gain expression may be approximated for this narrow-band 


case, 
1 


Pip oo eg ce 
1 + 7(2Q/w9)(w — wo) 
1 


Rie ee 
1 + j2Q/fo)(f — fo) 


Notice that, in this narrow-band case, the function has “arithmetic sym- 
metry” about wo; that is, the two frequencies w; and w, at which the 
response is down to 70.7 per cent are equally displaced in frequency in- 
crement above and below w 9, or 


A(jw) = —gm for w & wo (7-8a) 


— Im (7-8b) 


1 — W = WO 7 Wo 


4 


hi-fo= fo he 


1¥For a chart showing the gm, C, and gn/C for currently available commercial tube 
types, see J. R. Whyte, Choosing Pentodes for Broad-band Amplifiers, Electronics, vol. 
25, p. 150, April, 1952; see also Figs. 4-1 and 10-8. 


(7-9) 
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7-2 Multistage Single-tuned Amplifiers (Bandwidth Shrinkage 
and Gain-Bandwidth Factor). It would be unusual if the gain of one 
stage were adequate; most applications require several stages in cascade. 
The intermediate-frequency amplifier in a radar set might have 10 or more 
stages, while a transcontinental relay link would have hundreds of stages. 

In cascade amplification the gain functions combine in a continued 
product. For a cascade of identical stages the midband gain will be the 
nth power of the stage gain, namely, 


|A(jwo)| = mit)” (7-10) 


Simultaneously, the bandwidth will decrease as the number of stages is 
increased. Thus the —3-db points for one stage become the —6-db points 
for two stages in cascade, with a resultant smaller separation of the —3-db 
points for the pair. To solve analytically for the manner in which the 
bandwidth “shrinks,” it will be convenient to rewrite Eqs. (7-3) and (7-8) 
with a normalized frequency variable x (see Fig. 7-5) as follows: 


1 n 
Selectivity function = F(jx) = ( 5 ) 
1+ 92 
(7-11) 


In terms of this normalized variable the half bandwidth of a single stage is 
1.0, since the response is down 3 db at « = +1, and against this we can 
compare the bandwidths for larger numbers of stages. 


1 n 
rin|= (sg) 12 
The particular value x,, the band-edge frequency, i.e., the value of x for 


which the over-all response of n stages is 1/+/2 (~3 db) compared with the 
midband value of 1.0 (0 db), is given by 


ata) v3 19 


y= Vo] (7-14a) 
0.833 oe err 

z NS S, 
Vn be ce 


Now, since the bandwidth for one stage is 1.0, Eqs. (7-14) are also the ratio 
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of the bandwidth of n stages compared with the bandwidth of a single stage, 


Bandwidth of 1 stages 
peciias welled ede eisai = VoQin 7 (7-15a) 
Bandwidth of one stage 


__, 0.833 
~ Vn 


The shrinkage of bandwidth due to cascading stages is graphically shown 
in Fig. 7-5. Note that these curves are plotted in terms of the frequency 
variable x, which is not a linear function of actual frequency w. Hence the 
arithmetic symmetry of the gain curves is preserved only for narrow band- 
widths on a linear frequency scale. The bandwidth ratio of Eqs. (7-15), 
however, is valid in terms of w as well as z. 

In a cascade of single-tuned stages the gain increases with the number of 
stages according to one law, Eq. (7-10), while the bandwidth varies accord- 


(7-15b) 
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Fig. 7-5 Normalized gain-frequency curves for single-tuned interstages. 
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ing to another, namely, Eq. (7-15a). Thus the contribution of one stage 
to the over-all gain-bandwidth product will be different if the stage is used 
alone or in a cascade with other stages. To allow for this in our figure of 
merit, the gain-bandwidth factor (by means of which we shall compare the 
effectiveness of various circuits), we do two things: (1) take the nth root 
of the over-all gain, giving a mean stage gain; (2) divide the mean stage gain 
by 9m/2rC. The gain-bandwidth factor is then the product of this normal- 
ized mean stage gain times the over-all bandwidth and is a function of the 
circuits used, rather than of the tubes. 


(over-all gain)!/” : 
GBF = ————————_ X over-all bandwidth (7-16) 
Gm/2nC 


For a cascade of n identical stages, the following holds: 


GBF for n stages 0.833 
eA UN (7-162) 
GBF for one stage Vn 


A phenomenon of both mathematical and practical interest is that for 
a given bandwidth there is a definite maximum of gain which cannot be 
exceeded. There is likewise a maximum bandwidth attainable for a spec- 
ified gain. The latter occurs when each stage contributes a gain A; of 1.65 
to the over-all gain Ay. The number of stages needed and the resulting 
maximum bandwidth Bmax are given below: 


A; = We = 1.65 = 4.34 db (7-17) 

n=2InA (7-18) 

Ro oe (7-19) 
max” On V/2eIn An : 


Note that the gain A; which gives the maximum over-all bandwidth is 
the same as that obtained in the lowpass case to get minimum over-all 
rise time [see Eq. (4-53)]. 

7-3 Selectivity Ratio. It was stated that the filter amplifier has the 
dual objective of amplifying signals within the desired passband and of 
rejecting signals lying outside this band. The ability to reject unwanted 
signals is sometimes called the “selectivity” of the system. Assigning a 
measure to this selectivity is somewhat arbitrary. The simplest approach 
would be merely a graphical plot of amplitude vs. frequency, i.e., the ampli- 
tude response. The steepness of the portions of the curve far removed from 
the passband is one kind of measure; it is sometimes called the skirt selec- 
tivity, since it involves the ‘‘skirts” of the response curve. 
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A better quantitative measure can be provided when it is known that in 
the system where the amplifier will be used the undesired signals will be 
separated from the desired one by fixed frequency intervals. Thus, in 
broadcasting, the stations are assigned to “channels” separated by 10 ke, 
and the severest problem is to reject the signals in adjacent channels. In 
broadcasting, a term is used, adjacent-channel selectivity, which denotes 
simply the ratio of the gain at midband to the gain 10 ke above or below 
midband. Similarly, second-channel selectivity refers to 20 ke above or 
below midband. The same philosophy would apply to multichannel car- 
rier systems. 

In the general case, however, where frequency assignments are not so 
ordered, there is another numerical measure of the selectivity that has 
gained acceptance in recent years. This is the so-called selectivity ratio, or 
bandwidth ratio. It is the ratio of the bandwidth at which the amplitude 
response is down 60 db from that at midband to the bandwidth at which 
the response is down 6 db. Thus it could be called the ‘60:6-db bandwidth 
ratio.” Other levels could have been chosen, but these are convenient and 
serve the purpose of evaluating the response well outside the desired pass- 
band. Typical values obtained are on the order of 2 for a good communica- 
tions receiver and perhaps 12 for a radar system. Clearly, a value of unity 
would be the limiting case. 

For the single-tuned amplifier the selectivity ratio can be easily found by 
using Eq. (7-12) to find the —6- and —60-db frequencies, 


—6-db frequency 


(Fee): 
kane Seeks, 2a 
V1 + X42 2 


1 Me 1 
(G3) =, 102 Zp» = —60-db frequency 
rp 


Solving for x, and xz, and forming the ratio x,/xa, we obtain 


” = sel tivity ratio = a fee, (7-20) 
— e 10 = s 
selectivity ra way 7 


Ta 
For n = 1 Eq. (7-20) has the value of 577, an almost useless selectivity 
ratio. As the number of stages n is increased, the ratio drops rapidly 


toward a limiting value of 3.15. For only six stages the ratio is 5.9. Other 
interstage arrangements will turn out to be superior, however. 
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PROBLEMS 


7-1. A receiver must receive a signal at 20 Mc in the presence of an interfering signal 
at 21 Mc. How many amplifier stages using single-tuned circuits with a Q of 50 must be 
used to give at least 50 db desired-signal-to-undesired-signal ratio? What is the 3-db 
bandwidth of the resulting amplifier? 

7.2. An amplifier consisting of identical single-tuned stages is to be built using 6AH6 
tubes for which gm = 9,000 umhos, Cin + Cout + Cw = 17 pf. If the over-all band- 
width is to be 20 Mc, what number of stages should be used for maximum gain? Find the 
resulting individual stage bandwidth, over-all gain, and the circuit constants R and L 
for a center frequency of 30 Mc. What is the gain-bandwidth factor of the resulting 
amplifier? 

7-3. For an amplifier employing identical stages using 6AK5’s, what is the maximum 
bandwidth obtainable with an over-all gain of 60 db? Assume that g, = 5,000 »mhos, 
Cout = Cin = 8 pf, and Cy = 5 pf. 

7-4. Prove that the selectivity ratio for n single-tuned stages approaches 3.15 as n 
approaches infinity. 

7-5. Derive the expression below which gives the maximum gain which can be 
achieved with a cascade of identical single-tuned stages when the over-all bandwidth 
B and the g,,/2zC for the tube to be used are specified. 


Amax = 27/% = (1.136) 


where a 2 Om /2xC 
B 


7-6. A certain pentode tube has a gain-bandwidth product of 75 Mc including an 
allowance for wiring capacity. 

a, Find the interstage element values for a single-stage amplifier to give a bandwidth of 
20 Mc at a center frequency of 100 Mc. (Assume that C = 15 pf.) What is the stage 
gain? 

b. Find the interstage element values for a two-stage amplifier to give the same 
over-all bandwidth and center frequency. What is the over-all gain? 

c. Show that it is impossible to construct a multistage amplifier using this tube and 
type of interstage to give a 20-Mc bandwidth and an over-all gain of 10. 

7-7. Verify the expression for Q following Eq. (7-2). Start with the basic definition 
of Q as the ratio of the energy stored to the energy lost per cycle. 

7-8. The circuit of Fig. P7-8 represents a simple extension of the circuit of Fig. 7-3. 
An ideal transformer has been added—an addition which can be approximated by 
tapping down on the inductor L. The modification is said to be “simple’’ because the 
gain function varies with frequency in just the way as before; i.e., no new resonances 
(natural modes) are introduced. 
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Show that, when the transformation ratio N is chosen for maximum gain-bandwidth 
product, this product becomes 


Im 
GBP = —————__— 
2x(2V CoutCin ) 


Show that this gain-bandwidth product is always equal to or greater than that given 
by Eq. (7-7). 

7-9. Assume that an amplifier made up of identical, single-tuned stages employs a 
tube with a gain-bandwidth product of 75 Mc. For an over-all amplifier bandwidth of 
12 Mc compute and plot the over-all gain in decibels vs. the number of stages in the 
amplifier. Assume that the amplifier is made up of 1, 2, 3, .. . stages up to 15. What 
is the maximum gain obtained? Compare the results with those obtained by using the 
equation in Prob. 7-5. 


8 


Generalizations and Interpretations 


Having had a look at a simple form of bandpass, or filter, amplifier, seeing 
what it will do in terms of gain, bandwidth, etc., let us now go from the 
specific to the general. The single-tuned amplifier is only one of many 
possible interstage networks, all of which will have characteristic properties 
in common. Most important of all, their gain functions will have similari- 
ties, and the proper interpretation of these will aid us in understanding why 
amplifiers behave the way they do. 

Let us see what can be said about the general nature of amplifier gain 
functions, of which Eq. (7-2) for the single-tuned stage is an example. We 
can rewrite this equation as follows: 


1 
A(p) = -—9nk ————__— 7-2 
GT ROC + 1/pL) ve 
Im Pp 
ages 8-1 
C p? + p/RC + 1/LC on 
Ym p 
yes 8-2 
C (p — pi) (p — pe) ee) 
i ee 1 y 
Roe Pi Pa = orc NLC \oRC S) 
apg IPD (8-4) 
Q= RayCl  a? 4 se 
0 0 LC 
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The pole-zero diagram of an underdamped single-tuned stage as shown in 
Fig. 8-la is a pair of conjugate poles and a zero at the origin if the stage Q 
is greater than 14. The distance from the origin to each pole is always equal 
to the resonant frequency of the stage, w9, which is also the frequency of 
maximum gain. As the Q of the stage is decreased, the poles move farther 
from the jw axis but maintain the same distance from the origin. Finally 
for Q = 1% both poles come together on the o axis, forming a double pole 
at ¢ = —wo = —1/2RC (Fig. 8-1b). The stage is then said to be critically 
damped although no special passband shape is produced. Further de- 


(a) 


Fig. 8-1 Pole locations for a single-tuned circuit with various amounts of damping (Q). 


creases in Q cause the poles to split apart and move along the o axis in such 
a way that the geometric mean of their coordinates is the point ¢ = —wo 
(Fig. 8-1c). Even for Q’s so low as to cause the stage to be overdamped, the 
maximum of gain still occurs at the frequency wo. 

Consider a stage designed to give a narrow passband. Such a stage must 
have high Q; hence the poles lie very close to the jw axis. If we determine 
the gain of such a stage by the geometric interpretation of the pole-zero 
diagram (Sec. 3-2), we see, as shown in Fig. 8-2, that the gain is given by 


. —Jm jw 
A(jw) = 


8-5 
C (jw — p1)(jw — Pe) ae 


However, for a high-Q stage, the quotient of the vectors jw and jw — pg 
is almost constant for w in the region of the passband. Hence ju/(jw — pe) 
=> Yj, and the gain function may be approximated by 


Ag) (8-6) 
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From this we see that the gain is influenced most by the nearby pole, and 
the narrow-band approximation of Eqs. (7-8) amounts to neglecting the 
influence of the zero at the origin and the complex pole in the lower half 
plane. A simple geometrical picture of the narrow-band situation is as 
shown in Fig. 8-3, where only the pole p; is shown with a restricted portion 
of the jw axis. A circle centered at wo with radius wo/2Q = B,/2 goes 
through the pole p; and defines the passband edges (B, is the bandwidth of 
the stage in radians per second). Note that for p, the radial distance from 


Fig. 8-2 Pole locations for a narrow- Fig. 8-3 Approximate pole-zero diagram 
band stage. for a narrow-band stage (Q > 20). 


the origin rather than the imaginary coordinate actually is equal to jw, but 
in the narrow-band situation the two distances are substantially equal. 
The semicircular construction also graphically displays the arithmetic 
symmetry of the narrow-band situation. 

8-1 Properties of Amplifier Gain Functions. Before going on to 
further manipulations in the complex p plane, it might be well to take note 
of some general properties of the pole and zero locations for typical gain 
functions of amplifiers composed of lumped linear circuit elements and 
somewhat idealized linear tubes. The single-tuned circuit which we have 
just examined is, after all, only one case, and we should like to know whether 
other amplifiers will be similar, and in what respects. 

For one thing, we see that we could design for a given amplitude response 
vs. frequency right on the p plane, without recourse to the circuit diagram 
at all. The geometric interpretation shows how the amplitude response de- 
pends upon the pole and zero locations, and the potential analogy, which we 
shall develop shortly, will be even more illuminating and useful. Thus we 
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want to know what are the constraints upon where we might move the 
poles and zeros in our attempts to produce some particular gain function. 

Development of the general properties of gain functions properly belongs 
in courses on passive network theory. Most of the significant properties 
are those of the passive structures in the amplifier, changed very little by 
the addition of the tubes (feedback amplifiers being a possible exception). 
Hence we shall here present in summary some of the pertinent findings of 
network theory, but without derivation or proof. The reader is referred 
to Bode! for a more nearly complete treatment. 

The remarks will be limited to a single amplifier stage. For a cascade 
amplifier the over-all gain function is simply the continued product of the 
individual stage functions (the effect of feedback being disregarded). 


I. General four-terminal interstage 

A. Physical realizability, including stability considerations, requires 
that all the poles of the gain function lie in the left half plane or else 
on the jw axis. In the latter case, they must be simple poles.” 

B. Minimum-phase-shift networks (which exclude most all-pass lat- 
tice, distributed-parameter, and feedback arrangements) have the 
additional requirement that the zeros, too, must lie in the left half 
plane or on the jw axis.$ 

C. The number of poles of the gain function must exceed the number of 
zeros by at least 1. This results from the stray shunting capacitance 
requiring that the gain go to zero at infinite frequency. 

D. The poles and zeros must reside either on the o axis or in conjugate 
pairs about the o axis.‘ This is a simple property of the roots of 
an algebraic equation with real coefficients. 

II. Special cases 

A. Two-terminal interstages. This is—or can be considered to be—an 
elementary form of the general interstage and is subject to greater 
restrictions on the permissible arrangements of poles and zeros. 

1. For physical realizability alone, both poles and zeros must lie in 
the left half plane or as simple poles (zeros) on the jw axis.é 

2. The number of poles must always be 1 greater than the number 
of zeros. This again comes from the shunt capacitance. 

3. I-D still applies. 

B. All-pass networks, including the lattice and bridged-T as used for 
phase-correction networks, etc. (equalizers). 


1H. W. Bode, ‘Network Analysis and Feedback Amplifier Design,’ D. Van Nostrand 
Company, Inc., Princeton, N.J., 1945. 

2 Ibid., pp. 24-27, chap. 7, p. 106 in particular. 

2 Ibid., pp. 121, 242-244. 

4 Ibid., p. 106. 

5 Ibid., p. 121. 
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1. Each pole in the left half plane must be balanced by a correspond- 
ing zero in the right half plane at an equal distance from the jw 
axis. Another way of stating this is that the zeros and poles are 
negatives of each other; this incorporates I-D.1 

2. I-A and I-D still apply. 

. I-C is modified to require an equal number of poles and zeros. 

4, It will become apparent later that the all-pass phase-correcting 
network has a gain function whose magnitude is constant and 
whose phase angle can only decrease with frequency.” 


i) 


8-2 Further Interpretations—Basis of the Physical Analogies. 
Although it is possible to derive formally all the general properties of ampli- 
fier gain functions by use of algebra and calculus of the complex-frequency 
variable p, it has nonetheless been found instructive to interpret these gain 
functions in terms of one or more physical analogies. In particular, there 
are three physical systems which are governed by exactly the same mathe- 
matics as our gain functions and which hence are exact analogies. Each 
of them has certain advantages in making more vivid certain of the gain- 
function properties, by virtue of better physical intuition in the analogous 
systems. This better physical intuition is the basis of appeal for this dis- 
cussion, particularly for engineers. 

These analogies supplement the “geometrical interpretation” previously 
discussed and like it are based upon the fact that the general gain expression 
can always be written in the factored form 


II(p — Pm) 
AQ) = 8-7 
or in the logarithmic form 
In A(p) = Ln (p — pm) — Li ln (p — pa) + MH (8-8) 


where the p = pm are the zeros of A(p) (points of infinite loss) and the 
‘ = Pn are the poles of A(p) (points of infinite gain). We now rewrite this 
equation by taking the natural logarithm of the complex number A(p), 
which has a modulus of magnitude A(p) and argument or phase /A(p), 


In A(p) = In|A(p)| +3 /A@) (8-9) 
S(p) roy 
S(p) = nH + Di in|p — pn|— Lin|p — ppl (8-10) 
o(p) = L /p — pm — L/P — Pn (8-11) 
1 Ibid., p. 289. 


2 Ibid., p. 241. 
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In particular, for p = jw, 
G(w) = In| A(jw)| = logarithmic gain (8-12) 

= gain in db 

o(w) = / A(jw) = amplifier phase shift in radians (8-13) 
The function A(p) is mathematically classed as an algebraiv function, 
always a rational fraction, and therefore is always analytic except at the 
poles. The logarithm [ln A(p)] is also analytic, except at the poles and 
zeros of A(p). There are useful relationships, known as the Cauchy- 
Riemann conditions, which interrelate the real and imaginary parts of 


analytic functions with respect to the real and imaginary parts of the varia- 
ble p = o + ju, 


9S (p) _ 86(p) (8-14) 
oled Ow 

dg(p) _ _ 99(P) (8-15) 
Ow do 


It also follows that Laplace’s equation must hold for both real and imaginary 
parts (except at the poles and zeros), 


2G ag 
vg = 2 4+—2=0 - 
S a6? + es (8-16) 
ap 3° 
v2 = —- — = 0 = 
: do” ae dw” Ay) 


8-3 Electrostatic Analogy. The appearance of Laplace’s equation 
suggests at once the possibility of using electrostatic potential as the basis 
of an analogy which is well known to specialists in network theory.! The 
analogy not only provides some degree of physical intuition but also makes 
available for the solution of network problems a highly developed array of 
mathematical techniques used in electrostatic-potential problems. In 
contrast to the other two analogies, which will be described later, it provides 
no convenient means of experimentation. 

The electrostatic interpretation consists in looking at a situation such 
as that of Fig. 8-2 and imagining the poles to be positive line charges, 
infinite in length, piercing at right angles the p plane at the locations p, and 
pq. The zero at the origin is considered a similar line charge, but negative 
instead of positive. Then the magnitude of the amplifier response G(w) is 
exactly proportional to the electrostatic potential along the jw axis. Intui- 


1§. Darlington, The Potential Analogue Method of Network Synthesis, Bell System 
Tech. J., vol. 30, pp. 315-365, April, 1951. 
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tion becomes available at once, as exemplified by the fact that the gain 
(potential) is seen to increase when a pole (positive charge) is brought closer 
to the jw axis. 

The validity of the analogy can be demonstrated, starting with the ap- 
plication of Gauss’s law to the line charge, enclosing a unit length of it with 
a small cylindrical volume of radius r, as shown in Fig. 8-4. Gauss’s law 
involves integrating the outward flux density over the surface and equating 
it to the total charge contained within. The geometry of the situation re- 
veals that the flux will be entirely radial; let the flux density then be D,. 
It is convenient to let the charge per unit length be q; then 


fv-as = 4nq (8-18) 


= D,-2ar (8-19) 


The flux density is related by the dielectric constant to the electric field E, 
which in turn is equal to the gradient of the potential V, 


D = c€E = &—VV) (8-20) 


C)=(-2) am 


The potential V is obtained by integrating Eq. (8-21), 


D, 


2q 
V=—-—Ir+K (8-22) 
€ 


For convenience let 2¢/e = 1. Then, if several charges are present, each 
of the same strength but some positive and some negative, the total po- 
tential (a scalar quantity) is the algebraic sum of the in- 

dividual contributions, . 


VeK+ Inn - Sinz; 


- (8-23) 
m negative n positive pee % 
charges charges 10 
In p-plane coordinates, the charges are located at p; 
and p;; hence at any point p Line charge 
t 
r= |p — Pil 
(8-24) Fig. 8-4 Construc- 
r= |p — p;| tion for finding the 


electric field pro- 


Ms n duced by a line 
V=K+ In l|p—p,| — Din |p — P;j| (8-25) — charge. 
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The analogy between Eqs. (8-10) and (8-25) is now apparent; the poten- 
tial V is the analogue of the amplifier gain magnitude G(p). Similarly the 
scale factor K corresponds to in H, although this is not an important rela- 
tionship when we are concerned primarily with how gain functions vary as 
one changes pole coordinates, ete. 

We can now generalize the scalar potential into a complex function 
V + @ by incorporating the orientations as well as the magnitudes of the 
p — p,and p — p;. The real part of this complex potential is the same as 
before, i.e., that of Eq. (8-25), whereas the imaginary part ® (usually called 
the “stream function’’) defines the electrostatic flux distribution, 


=>) /p—-pi- Dd /p—p; (8-26) 


It can be seen that this stream function is the direct analogy of the amplifier 
phase function ¢ in Eq. (8-11). Laplace’s equation and the Cauchy-Riemann 
conditions hold for both V and 4, 


v’V =0 
(8-27) 
Ve = 0 
OV ot 
00 7 dw 
(8-28) 
OV Of 
de da 
Notice now that 
OV 1 o® 
—=-E,=—-D,=+— 
00 € Ow 
© Ob “av 1 ff" 
&(w) -| —dw = —dw = — -[ D, dw (8-29) 
0 Ow 0 Oa € Jo 


Thus $(w), which is analogous to the amplifier phase shift ¢(w) at the fre- 
quency w, is proportional to the total transverse electrostatic flux crossing 
the jw axis between 0 and w. Other correspondences can be developed and 
will be found in Table 8-1, page 191. 

8-4 Conduction Analogy. There is another analogy which utilizes 
d-c or low-frequency current flow in a two-dimensional medium corre- 
sponding to the p plane. The medium can be an infinitesimally thin con- 
ducting sheet, or, what is equivalent, a sheet which is of finite but uniform 
thickness and in which all electrodes penetrate to full depth so that there 
is no variation of current flow with depth. The thin sheet can be provided 
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in the laboratory by a paper with os ' — 
resistive coating,! while the medium __ Page Segiee ae a 
of finite thickness can be a tank of _ eee . 
conducting liquid or electrolyte? — —y. _ 


— d, pon 


Both arrangements have been used ES 
for oeP erimental work, and by the Fig. 8-5 Construction for finding the 
exercise of considerable care it is  gurrent density produced by a current 
evidently possible to obtain useful source on a conducting sheet. 
quantitative results. Another elec- 

trical analogy which will be mentioned later is simpler for precise experi- 
mental work, while for rough work the elastic membrane to be described 
next is very effective. 

Consider a two-dimensional conducting sheet, infinite in extent, of re- 
sistivity p ohms/square, and with a current J entering the sheet at a point. 
At a radius r from this point, the current density J is only in the r direction 
because of symmetry and is constant in magnitude around the perimeter 
of a circle of radius 7 (see Fig. 8-5). The relationship between current 
density and radius is obtained by summing the total outward current 
around the circle, 


s-al =J,X 2ar=I1 (8-30) 
J, = : (8-31) 
as 2ar . 


From the incremental version of Ohm’s law, the current density is related to 
the electric field E and hence to the gradient of potential (“voltage 
gradient’), 


E 1 
J=-—=-(-VV) (8-32) 
pop: 
1 OV 
J, Ss (- ~~) (8-33) 
p or 
pl 
V=-—-—Inr+kK (8-34) 
wT 


1R. E. Scott, Network Synthesis by the Use of Potential Analogs, Proc. IRE, vol. 40, 
pp. 970-973, August, 1952. 

2W. W. Hansen and O. O. Lundstrom, Experimental Determination of Impedance 
Functions by the Use of an Electrolytic Tank, Proc. IRE, vol. 33, pp. 528-534, August, 
1945; A. R. Boothroyd, E. C. Cherry, and R. Makar, An Electrolytic Tank for the 
Measurement of Steady-state Response, Transient Response, and Allied Properties of 
Networks, Proc. [EE (Lo&don), pt. I, vol. 96, pp. 163-177, May, 1949; A. R. Boothroyd, 
Design of Electric Wave Filters with the Aid of the Electrolytic Tank, Proc. IEE 
(London), pt. IV, vol. 98, mon. 8, 1951; E. C. Cherry, Application of Electrolytic Tank 
Techniques to Network Synthesis, Proc. Symposium on Modern Network’ Synthesis, 
Polytechnic Institute of Brooklyn, N.Y., April, 1952, pp. 140-160. 


186 GENERALIZATIONS AND INTERPRETATIONS {CHap. 8 


This corresponds to Eq. (8-22) for the electrostatic case, and further de- 
velopment can proceed in similar fashion. Thus, if there are several cur- 
rent sources, some positive and some negative, each of unit strength 
pl/2xr = 1, the total potential at any point by use of the principle of super- 
position is 
m n 
V=K+4+ nr; -— Sinz; (8-35) 


=e ai 
m negative  n positive 
currents currents 


In p-plane coordinates 
V=K+ >In |p— pi|— Ln |p — py (8-36) 


There is also a complex potential in which the stream function corresponds 
to current flow. Current density J in the conduction analogy corresponds 
to flux density D in the electrostatic analogy. 


V+j@=K+ Dn (p—p) — Din(p- p) (8-37) 


As before, both potential V and stream function ® satisfy the Cauchy- 
Riemann conditions and Laplace’s equation. This can also be shown from 
the divergence relationship, which expresses the fact that the current enter- 
ing an elemental area must equal the current leaving (except where there 
are sources or sinks), 


vVJ=—+—=0 (8-38) 


p-plane coordinates 


As in Eq. (8-33), Ohm’s law gives 


10V 

a p O¢ 
(8-39) 

1aV 

J, =—--— 

p dw 

Substituting in Eq. (8-38) gives Laplace’s equation in V, 
oy + ad vv =0 (8-40) 
ba" Ow? 7 7 


The matter of phase shift in the amplifier is illuminated by the analogy, 
if we recognize that the stream function ® is the analdgous quantity. Along 
the jw axis, 


— =~ = ~ple (8-41) 
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Thus the amplifier phase slope, i.e., the rate of change of phase shift with 
frequency (also the ‘envelope delay” or the inverse of the “group veloc- 
ity”), is proportional to the transverse current density. This suggests 
that for linear phase shift, i.e., constant phase slope, the poles of an amplifier 
gain function should be so arranged that in the current analogy a nearly 
constant transverse current density results along the jw axis. An arrange- 
ment with uniform pole spacing in the jw direction can be expected to be 
favorable. 

The phase shift at a given frequency w can be determined from the 
analogy by the total current crossing the jw axis between 0 and a, 


@ 


o() = ~of dw = | (8-42) 


0 


In considering the use of the conduction analogy for experimental work, 
one is confronted by the problem of size. Theoretically the conducting 
medium should be infinite in extent, but reasonably good results can be 
obtained if the area is considerably greater than that area near the origin 
containing all the poles and zeros under study. A conducting boundary is 
used, usually a circle in shape, at the perimeter of the medium, which pro- 
vides the return electrode for the current entering or leaving at the poles 
and zeros. (This current is taken by the poles or zeros at the point of in- 
finity.) 

By consideration of property I-D in Sec. 8-1, one can reduce the required 
area of the conducting medium by one-half; since poles or zeros occur in 
conjugate pairs about the o axis, there will never be current flow across the 
o axis and the conducting medium can just as well be terminated in an in- 
sulating boundary along this axis... All the information desired about 
amplitude and phase response can be found in the upper half plane of: the 
analogy. In fact, it will later be shown during the discussion of “image 
poles” that, by proper attention to boundaries, only the third quadrant 
need be used, i.e., the left half of the upper half plane. 

Experimental work with the conduction analogy is carried out by supply- 
ing unit currents to the electrodes—positive for poles and negative for 
zeros—and then measuring potentials on the resistive paper or in the liquid 
electrolyte by means of a high-resistance voltmeter, usually of the vacuum- 
tube variety. Relative potential along the jw axis is a direct measure of the 
logarithmic gain magnitude. Phase shift, on the other hand, involves know- 
ing the total transverse current, which nevertheless can be measured with 
the same voltmeter. The phase slope is proportional to the transverse 
current density, which from Ohm’s law will be indicated by measuring the 


1 An electrode on the o axis, representing a pole or zero there, should then introduce 
only one-half unit current, which is the portion normally entering the upper half plane. 
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transverse potential gradient. Thus, if the voltage difference is measured 
between two points close together on a line perpendicular to the jw axis, the 
voltage is proportional to the phase slope at that value of w. This phase 
slope can be plotted versus w, and by graphically or numerically integrating 
this curve the curve of phase versus w can be derived. 

8-5 Membrane Analogy. Consider a two-dimensional elastic mem- 
brane, infinite in extent, with a constant tension 7 per unit distance; ie., 
if the membrane had a cut of unit length, there would be a total force T 
normal to the cut. For convenience of discussion only, the membrane is 
assumed to lie in a horizontal plane, although gravitational force is neg- 
lected in comparison with the tension forces. We examine the downward 


Section of 
membrane surface 
h 
ts | Bepr-aor 


Fig. 8-6 Construction for finding the deformation of an elastic membrane. 


vertical forces per unit area occurring when a region of the membrane has 
been distorted upward from its horizontal position. Let h be the vertical 
displacement from horizontal. The membrane tension T can be resolved 
into two components in the o and the w directions, to use our familiar p- 
plane coordinates. Each component contributes to two vertical forces F; 
and F, acting on an elemental area, shown in Fig. 8-6 for the contribution 
due to the « component of the tension. The expressions for these two forces 
are given below, together with the net vertical force, as the size of the ele- 
mental area is reduced toward zero. 


F, = T Aw sin 6 (8-43) 
oh 
= T dw tané = T Aw a for small 6 (8-44) 
Co 
ewene hopes Oe (8-45 
oo 00 z dc" 2! ) 
oF 
YF,+ a Ac for small Ac (8-46) 
Co 


oF 
F, — Fi &— Ao (8-47) 
0a 
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2 


F. PLE? bw A (8-48) 
go Ly * 52 o 


A similar difference of vertical forces exists due to the w component of 


tension, 
2 


oh 
Fy — Fy = T Ao —, Aw (8-49) 
dw 


The net vertical force on the elemental area is the sum of Eqs. (8-48) and 
(8-49), 
7h 


do” 


7h 
Net F = T + at Ao Aw (8-50) 
lw 


The net vertical force per unit area, i.e., the pressure, is obtained by divid- 
ing by the area Ao Aw, 


ah — d’h 
Net pressure = 7 (8-51) 


ao? | du” 


If the region of the membrane is not subjected to external pressure, the net 
pressure must be zero for equilibrium. Hence, since T is not zero, then 

Ae Ba 0 8-52 

a0” Aw” ( ) 
Equation (8-52) is Laplace’s equation, and thus there is a direct corre- 
spondence or analogy between height of the membrane and the amplifier 
gain magnitude or the potential in the electrostatic and conduction analo- 
gies. Moreover, if on the membrane we draw a family of contour lines, 
ie., lines of constant height, or elevation, we can also draw an orthogonal 
set, the lines of steepest descent. These latter lines correspond to the 
electrostatic-flux or conduction-current flow lines and contain the phase- 
shift information concerning our amplifier gain functions. 

We are interested primarily in the amplitude variation of the amplifier 
gain along the jw axis. In the membrane analogy we have a sort of “relief 
map” as shown in Fig. 8-7 for one situation; and the profile of the surface 
along jw is a true plot of the amplitude (logarithmic) response versus w. 
Moreover, the “‘tilt’’ of the membrane transverse to jw is proportional to 
the phase slope 0¢/dw of the amplifier, implying that for linear phase the 
transverse tilt of the surface should be closely constant. 

In spite of the assumptions in the derivation, namely, a membrane in- 
finite in extent and with very small displacements, simple physical models 
can be built which vividly portray the amplifier behavior. Remarkably 
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enough, one’s physical intuition is sufficiently keen so that with the elastic- 
membrane analogy most of the insight is acquired from mental images 
before a model is actually built! 

8-6 Summary on Analogies. The principal results are summarized 
in Table 8-1. While it is evident that any one of the analogies is completely 
self-sufficient, additional insight is gained from knowledge of several. The 
electrostatic analogy provides a measure of physical intuition but is quite 
unsuited to experimental work. It does, however, open up a broad area of 
mathematical insight and analysis techniques based upon much existing 
work in electrostatics. The conduction analogy provides a limited amount 
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Fig. 8-7 (a) Lowpass pole positions to give an approximation to both constant gain 
and phase in the passband. (6) View of the membrane analogue. (c) The resulting gain 
magnitude and phase. (From W. E. Bradley, Design of a Simple Band-pass Amplifier 
with Approximate Ideal Frequency Characteristics, Trans. IRE, vol. PGCT-2, pp. 30-38, 
December, 1953.) 
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Table 8-1 


19] 


Amplifier gain 
function A(p) 


Gain magnitude (log) 
on jw axis 
Glo) = In [AGa) | 


Electrostatic 
analogy 


Conduction 
analogy 


Membrane 
analogy 


Scalar electrostatic 
potential V(w) 


Potential V(w) 


Height (displacement) 
(horizontal membrane) 
h(w) 


Phase slope 


Flux density (transverse) 


Current density 


Slope (transverse) 


(envelope delay) (transverse) (gradient) 
t) te] av 1av oh 
hy ae we Dg{ = --— Jo( = --— — 
dw da, oa p Oa. da 
Phase shift Total flux (transverse) Total current (transverse) 
ow) 
ad ‘wo w oh 
= Deg dw = Jq dw — dw 
0 0 0 dc 


Pole (point of 
infinite gain) 


Unit positive line charge 


Electrode carrying unit 
positive current 
(into plane) 


Unit “positive” furce 
(upward) 


Zero (point of infinite 
loss) 


Constant-gain con- 
tours (in p plane) 


Constant-phase 


Unit negative line charge 


Equipotentials 


Flux lines 


Electrode carrying unit 
negative current 
(from plane) 


Equipotentials 


Current flow lines 


Unit “negative” force 
(downward) 


Constant-height 
contours 


Lines of steepest descent 


contours 
(in p plane) 


Nores: Coordinates for all systems: p = a + jw sad 


« = relative dielectric constant (air = 1) o 
p = resistivity 0 


of physical intuition, but is well suited to accurate experimentation. Fi- 
nally, the membrane analogy gives the best physical insight and can be 
readily modeled. Actually, for experimental work, an altogether different 
approach is perhaps most promising; complex quantities are represented by 
a-c phasors, and by means of analogue-computer techniques such as loga- 
rithmic networks, adders, etc., an all-electronic system can be assembled 
which provides cathode-ray-tube plots of amplitude and phase after the 
pole locations have been set. 

8-7 Conformal Mapping. Problems such as those presented by the 
finite size of the conducting medium can be reduced through the use of 
conformal mappings of the p plane.? Moreover, the solution of problems 

1J, R. Ragazzini and G. Reynolds, The Electronic Complex Plane Scanner, Rev. Sci. 
Instr., vol. 24, pp. 523-527; July, 1953. 


2 W. H. Huggins, A Note on Frequency Transformations for Use with the Electrolytic 
Tank, Proc. IRE, vol. 36, pp. 421-424, March, 1948. 
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in terms of the electrostatic analogy can often be expedited through the 
use of such mappings.! The subject cannot be fully developed here, but 
illustrations can be given. The mapping procedure is mathematically rig- 
orous and is made possible by the fact that we are dealing altogether with 


Fig. 8-8 Illustration of the transformation w = In p. 


analytic functions. For our purposes here, the process can be viewed merely 
as a change in the coordinate system. In this change, quantities like poten- 
tial in the electrostatic or conduction analogy or height in the membrane 
analogy remain invariant, but contour lines are warped by the modification 
of the coordinates. Moreover, large sections of the p plane can be made 
to “disappear” to infinity or semi-infinite regions made finite by the 
mapping process. 


1D—. L. Trautman, Jr., The Application of Conformal Mapping to the Synthesis of 
Bandpass Networks, Proc. Symposium on Modern Network Synthesis, Polytechnic 
Institute of Brooklyn, N.Y., April, 1952, pp. 175-191. 
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A useful mapping function (or transformation) is w = In p, or more ex- 
plicitly 
w=utj=iInp =Inr +76 (8-63) 


where = ré? 


This equation maps the p plane into rectangular strips in the w plane, as 
shown in Fig. 8-8. The entire p plane is contained in an infinitely long 
strip which is 27 units high in the w plane. As already shown for the con- 
duction analogy, no current crosses the ¢ axis in the p plane and as a result 
the plane may be cut along the o axis. This is the same as putting an 
insulating boundary along the axis to ensure that no current crosses the 
axis. The cut o axis corresponds to cutting along the lines vy = 0 and 
vy = 1; therefore only that portion of the w plane between these lines need 
be retained. In the practical use of the analogy, the horizontal dimension 
of the sheet is actually finite, but the mere addition of each vertical strip 
corresponds to a tenfold increase in the diameter of the p plane. Hence 
sufficient accuracy is readily attained. The left and right boundaries are 
made with vertical conductors (conducting strips) into which flow the 
currents representing the poles and zeros at the origin and the point of in- 
finity, respectively. This transformation is particularly valuable for band- 
pass situations where the origin and point of infinity need not be repre- 
sented. Even though the frequencies of exactly 0 and © are never in- 
cluded, one may go to sufficiently low or high frequencies by using enough 
decades so that the behavior at 0 and ~ may be inferred. 

Another transformation maps the entire semi-infinite upper half plane 
into the interior of the unit circle in the w plane.! 


== (8-54) 


The corresponding coordinates are shown in Fig. 8-9, together with several 
points labeled for comparison. In a conduction analogy, the perimeter 
of the circle in the w plane would be an insulator, in recognition of the fact 
that no current crosses the o axis in the p plane. Likewise, any electrodes 
on this boundary must carry only one-half unit current, corresponding to 
the current which enters only the upper half of the p plane. 

A third transformation makes possible the design of an amplifier gain 
function having an ‘“equal-ripple’’ amplitude characteristic; i.e., within 
the specified passband the magnitude of the gain function varies about a 
mean value, equally above and below, within specified limits. This func- 
tion will be discussed in Chap. 9; it has several practical advantages from 

1 This is one form of the same transformation used in deriving the so-called Smith 


chart used in transmission-line problems from a semi-infinite rectangular impedance 
plane. 
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the standpoints of gain-bandwidth and selectivity. The problem is how to 
arrange the poles (on the assumption of an all-pole function) in the p plane 
so that the gain-function magnitude measured along the jw axis will have 


Fig. 8-9 The mapping of the upper half of the p plane into a unit circle by the trans- 
formation w = (j — p)/(j + p). 


this equal-ripple variation. In terms of the electrostatic analogy, it is not 
hard to visualize that the potential would have the equal-ripple nature if 
there were an infinite row of uniformly spaced charges parallel to the jw 
axis and displaced from it by a distance a. Now, if such a situation can 
result from a suitable mapping of a finite region of the p plane, with a finite 
number of poles or charges, the problem is solved. A suitable transforma- 
tion is p = sinh w and is illustrated in Fig. 8-10. 
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It will be noted in Fig. 8-10 that the infinite row of poles in the w plane 
transforms into a finite number of poles in the p plane, distributed around 
an ellipse and in both left and right half planes. The ones in the right half 
plane are not permitted in the amplifier gain function for reasons discussed 
in Sec. 8-1; yet they can readily be discarded. In so doing the electrostatic 
analogy makes it plausible that there remains an equal-ripple response. 
From the symmetry of the situation, the poles (charges) in the right half 
plane will make the same contribution to the potential along jw as those 
in the left half; hence removing them will have the simple consequence of 


Fig. 8-10 Transformation w = sinh p. 


merely reducing the potential at all points along the jw axis by 4.1 The 
poles in the right half plane can be called ‘image poles,”’ which brings us to a 
new topic. 

8-8 Image Poles (or Zeros). When one is concerned primarily with 
amplitude response along jw, it is frequently convenient, both in mathe- 
matical analysis and in the use of the analogies just described, to employ 
‘Gamage poles.” Thus, if Fig. 8-1la represents the singularities of the actual 
gain function, then the pole-zero arrangement of Fig. 8-11b is the corre- 
sponding function with image poles. Analytically, the use of image poles 
is the same as multiplying the complex function A(p) by A(—p) since the 
singularities of A(p) occur 180° from the singularities of A(p), as in Fig. 
8-11b. The contribution to the potential along the jw axis by the poles and 
zeros of A(p) is exactly equal to the potential contributed by their images 


1In terms of the membrane analogy, removing the right-half-plane poles lowers the 
height of the membrane by 14, but the membrane still has the same shape along the jw 
axis. However, removing the right-half-plane poles does cause a tilt in the membrane 
transverse to the jw axis which was not there before. Hence the phase functions which 
are represented are different. 
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since the distance from any point on the jw axis to a pole (or zero) is equal 
to the distance to its image. Hence the potential along the jw axis is 
twice that obtained with no image poles and zeros. Since this corresponds 
to 21In | A(jw)|, the function we have obtained is 


A(p)A(—p) |pajo = |AGw) |? (8-55) 


That the phase of this function is everywhere zero is shown by the fact that 
at each point on the jw axis the transverse current density due to the singu- 


og 
Z, and ~Z, 


Bx ~P\x 


(a) (b) 


Fig. 8-11 (a) Pole-zero diagram. (6) Pole-zero diagram with image poles to give only 
amplitude information. 


larities of A(p) is exactly canceled by the current density due to the singu- 
larities of A(—p). (Note the similarity to the situation along the o axis, 
where, also because of symmetry, no current crosses the axis.) The trans- 
verse current density is analogous to d¢/dw, the phase slope; therefore the 
phase is everywhere zero (the phase could also be 7). 

In a similar manner image zeros [for poles of A(p)] may be used if only 
phase information is desired. These added singularities shown in Fig. 8-12 


(2) 


Fig. 8-12 Illustration of the use of image zeros. 
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correspond to the function 


A(p) | 
A(—P)|p=ie 


This may be demonstrated by considering the potential along the jw axis: 
the potential at any given point caused by the singularities of A(p) is 
exactly equal in magnitude, but opposite in sign, to the potential caused by 
the singularities of A(—p); hence the potential is everywhere zero along 
the jw axis (or constant since the potential is defined only to within an un- 


= 2/A (jw) (8-56) 
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Fig. 8-13 Possible simplifications for specific applications of the conduction analogy. 
(a) Whole plane approximated by finite circle. All information present—errors increase 
as poles and w approach R. (b) Whole plane approximated by semicircle. Same informa- 
tion along w axis as in (a). (c, d) Planes useful only for magnitude information along 
the w axis. V(jw;) is twice value obtained in (a) or (b). (e, f) Planes useful only for 
phase information along the w axis. The /A(jw1) is twice that obtained from (a) or 
(b). (The numbers by the poles and zeros indicate the relative currents which must be 


applied.) 
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known additive constant). However, the current density crossing the jw 
axis at each point is doubled, since the current contributions of the poles 
and zeros of A(p) and A(— 7) are equal and additive. Thus the phase func- 
tion along the jw axis is doubled, as shown in Eq. (8-56). 

Several examples of the use of image poles and zeros are shown in Fig. 
8-13. As mentioned before, only the upper half plane need be used, as 
shown in Fig. 8-13b. In addition, if 
only magnitude information is desired, 
the upper half plane with image poles 
may be used, as in Fig. 8-13d. With 
the image poles no current crosses the 
jw axis, and the plane may also be 
cut, as shown in Fig. 8-13c. On the 
other hand, if phase information only 
is desired, image zeros may be used, as 
in Fig. 8-13f. Use may be made of 
the fact that the voltage along the jw 
axis is a constant, allowing the plane 
to be cut along the jw axis as well 
and a conducting boundary added to 


conan” a maintain the required constant poten- 
liquid EiGeo.ecss) tial (Fig. 8-13e). These same concepts 
Section thru A-A may be used in connection with the 


Fig. 8-14 A method of eliminating the other analogies, but the maintenance 
errors due to finite tank size in the con- of the necessary boundary conditions 
duction analogy. The conducting may not be so easy as in the case of 
medium here is an electrolyte of uni- the conduction analogy. 
form depth. The conducting path is Numerous other techniques may be 
folded under at the edge, and the point : 2 
of infinity lies directly beneath the employed to improve the analogies 
origin. for use in experimental work. An ad- 
ditional one of interest is a method of 
reducing the error due to the finite size of the conducting medium, as shown 
in Fig. 8-14. Here the p plane is inverted outside of the circle used for ex- 
periments so that the point of infinity becomes the center of a circle placed 
under the part of the p plane to be used. The two conducting circles are 
joined at their rims to form the entire infinite p plane. 


PROBLEMS 


8-1. What is the locus of pole locations in a single-tuned stage as ZL is varied but R 
and C remain constant? Make a sketch to show your result, and indicate the limiting 
positions of the poles as L > ~ and L— 0. 


1 Boothroyd, Cherry, and Makar, op. cit. 
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8-2. Using graphical means, compute the gain as a function of frequency for the 
following pair of amplifier stages. Do this for a frequency range slightly greater than 
the bandwidth of the two stages. What is the gain at band center (midway between the 
two band edges)? What is the bandwidth of each of the two stages? What would 
the bandwidth of three pairs of such stages be (i.e., six tubes)? 


Stage 1 

C = 15 pf 

fo = 20.35 Me 

R = 14,530 ohms 

9m = 2,000 umhos 
Stage 2 

C = 20 pf 

fo = 19.65 Me 


R = 11,280 ohms 
gm = 3,000 pmhos 


Use any appropriate simplifications. 

8-3. A piece of resistance paper 12 in. wide, as shown in Fig. P8-3, and effectively 
infinite in length is intended to represent the upper half of the p plane. 

a. What distance in the z direction corresponds to 1 octave of frequency (i.e., a 
frequency ratio of 2:1)? 

b. A single-tuned stage with fo = 1 and B = 0.5 is to be represented on the sheet. 
Show where to place the probe representing the pole, and indicate the relative magnitude 


Conducting Conducting 
strip noe 


a=12 in, 
Fig. P8-3 


of all the currents entering and leaving the analogy. (Hint: A useful check is Kirchhoff’s 
current law!) 

c. A shunt-peaked pentode stage with m = 0.5 is to be represented on the sheet. Show 
the pole and zero locations on the sheet for a bandwidth of 1.0 radian/sec. Again show 
the relative magnitude of all currents. 

8-4. A conduction analogue is set up consisting of a 16-in.-radius circle of resistance 
paper, with a conducting rim. The analogue is calibrated by supplying 1 ma current to a 
single probe located at the center of the circle. The potential of a point 8 in. from the 
center is found to be 0.25 volt relative to the rim. 

a. What is the resistivity (ohms per square) of the paper? 

b. Is there any error in the above procedure due to the finite size of the medium? 
Why? 

c. It is desired to arrange the analogue so that a 0.1-volt difference in potential cor- 
responds to a 1-db change in gain. What current must be supplied to each pole? 
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d. If the quarter circle is used with appropriate boundary conditions for finding gain 
magnitude, what is the required current per pole for 0.1 volt again to correspond to 1 db 
if (1) the pole is one of a conjugate pair or (2) the pole lies on the o axis? 

8-5. This problem concerns the conduction analogy. A circular electrolytic tank has 
been set up in the laboratory, as shown in Fig. P8-5, and filled with an electrolyte such 
as copper sulfate and water. The rim of the tank is a conductor through which flow the 
currents which go to infinity. The electrode currents are supplied from a transformer 
through high series resistances to provide constant-current a-c sources. (Alternating 
current is necessary to prevent errors due to polarization of the electrolyte.) Voltages are 
measured with a high-impedance vacuum-tube voltmeter. The reference point for the 
voltmeter can be any constant voltage, since adding a constant voltage to all the readings 
merely amounts to multiplying the gain function by a constant. It is convenient to 
connect the free terminal of the voltmeter to an adjustable tap on the transformer to 
allow setting the voltmeter reading to zero at some chosen point in the tank. In this way 
the important voltage differences may be read more accurately. (The data show that 
the origin was chosen as the point of zero voltage.) 

The problem is to convert actual voltmeter readings into relative gain in decibels for 
the amplifier which is represented by the pole-zero configuration set in the tank. Note 
that a singularity is represented by a conductor inserted clear to the bottom of the tank 
so that there is no variation in potential with depth. The conversion can readily be 
accomplished with the aid of some calibration data obtained by placing a single pole at 
the center of the tank. 

a. Plot the calibration data on semilogarithmic graph paper, and determine the 
scale factor for the tank, i.e., volts per decibel. How might you explain the relatively 
large error in the voltage read for the first point? Why is the difference between the read- 
ings at 0 and 0.25 in. only 11.2 volts instead of infinity as it should be? Does the fact that 
this difference is finite influence the accuracy of the calibration of the tank? 

b. Plot the measured amplifier characteristic in terms of decibels and inches. 

c. The pole-zero diagram shown in Fig. P8-5 could have been a representation of a 
shunt-peaked pentode stage with m = 0.414. Assuming the coordinate of the zero is 
—3 in., what is the conversion factor between inches measured on the jw axis of the 
analogy and frequency? (Obviously this will involve the R, L, and C of the shunt-peaked 
stage. Refer to Fig. 4-2.) 


Distance from tank | Calibration data, | Amplifier repre- 
center, in. volts sentation, volts 


0.00 0.0 
0.25 0.0 
0.50 0.0 
0.75 0.0 
1.00 0.05 
1.25 0.16 
1.50 0.33 
2.00 0.75 
2.50 1.38 
3.00 1.90 
4.00 3.00 
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Amplifier 
representation 


Fig. P8-5 


d. Data were also taken on the tank for the determination of phase shift. The two 
voltmeter probes were positioned parallel to the o axis and 1¥/¢ in. on either side of the 
jw axis. From the following data calculate and plot the phase curve versus w: 


w, in. V, volts 
0.25 0.198 
0.75 0.244 
1.25 0.261 
1.75 0.227 
2.25 0.181 
2.75 0.133 
3.25 0.092 


3.75 0.068 
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Commonly Used Functions 
for Approximating Constant Gain 
or Linear Phase 


In the filter amplifier the usual problem is to approximate an ‘‘ideal”’ 
amplitude response, such as that shown in Fig. 9-1, where the gain is con- 
stant in some passband region (w#; to wz) and zero outside this passband. 

: In practice, with only lumped, linear 
|AGa)| networks neither the constant gain 

in the passband nor the infinite rejec- 
tion of signals outside the passband 
@ ww, wo»  canbeobtained. Therefore our prob- 
lem is to discover suitable gain func- 
tions which are physically realizable 
and which come satisfactorily close 
to our ideal. In other words we must try to approximate our ideal in a 
manner suitable for our application. As examples, a radar intermediate- 
frequency amplifier does not usually require extremely constant gain in the 
passband, nor does it have particularly stringent requirements on the out- 
of-band attenuation; conversely an amplifier for telephone repeater service 
must have extremely constant gain in the passband and possibly very high 
attenuation out of the passband to remove signals at other carrier fre- 
quencies. 

Notice that a cascade of identical single-tuned stages provides a crude 
approximation to constant gain. If we consider the bandpass of Fig. 9-1 
moved down to zero frequency, as shown in Fig. 9-2, we can compare the 
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Fig. 9-1 Assumed ideal passband shape 
for a filter amplifier. 
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gain with that given in normalized form by Eq. (7-12) and plotted in 
Fig. 7-5. 


4@)| = (Sas) (7-12) 


(Note that such gain functions are always symmetrical about the origin.) 
Equation (7-12) is not a very good function, either from the standpoint of 
the shape of the response curve approximating Fig. 9-1 (ef. Fig. 7-5) or 
from the standpoint of conservation of gain-bandwidth. Two gain func- 
tions will be presented which are better in both respects and which can be 


|A()| 
Approximation by a single-tuned 
stage, |A| = fv 1+x2 


-1 O+1 Ei aa 


Fig. 9-2 Ideal of Fig. 9-1 and its approximation by one single-tuned circuit. (Passband 
centered about zero frequency.) 


realized almost as readily with cascaded single-tuned or other interstage 
networks. 

Another approximation problem of interest is the attainment of moder- 
ately effective filtering, but with the principal interest a linear-phase charac- 
teristic in the passband. Such a characteristic can be obtained still using 
only simple interstage networks. 

9-1 Maximally Flat Gain Function.! This function, which is also 
known as the “Butterworth” function ? and as “approximation in the 
Taylor sense,”’ has for its normalized magnitude, or amplitude response, the 
following form: 

] 
|A(z)| V1+ 2" (9-1) 

The shape of the response curve for various values of n (the number of 
stages) is shown in Fig. 9-3. As 7 increases, the shape becomes more nearly 
the rectangle of Fig. 9-2 and the 3-db bandwidth remains constant. The 
function is always monotonic, 1.e., decreases uniformly toward zero on 


tv. D. Landon, Cascade Amplifiers with Maximal Flatness, RCA Rev., vol. 5, pp. 
347-362, January, 1941 (first intreduced term ‘maximal flatness’); W. A. Lynch, The 
Role Played by Derivative Adjustment in Broadband Amplifier Design, Proc. Sym- 
posium on Modern Network Synthesis, Polytechnic Institute of Brooklyn, N.Y., 1952, pp. 
193-201. 

28. Butterworth, On the Theory of Filter Amplifiers, Wireless Engr., vol. 7, pp. 536~ 
541, October, 1930. 
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either side of band center, and for the n-pole function it represents ‘‘maxi- 
mal flatness” in that the maximum number of derivatives (2n — 1) are 
zero at band center. This feature can be demonstrated as follows: 


f@) =(+2)-4 (9-2) 


Expand f(z) in a power series. 
an 


3 
fla) = 1 — Yogt $  — (9-3) 


Compare Eq. (9-3) with the corresponding Taylor (Maclaurin) series for 
F(z). 


( 0) ; 0) es (0) x? ‘ Mf fens (0)x?"—* f?"(0)x?" 

w= x — eee 

Ha) = $0) +H f 2! (2n — 1)! (2n)! 

nn] — , oe 
1.0 These terms missing This term and 
in Eq. (9-3); hence higher even-order 

{0 =0 terms are present 
f'@ =90 in Eq. (9-8) 


fmi@) =0 
(9-4) 


Thus the first 2n — 1 derivatives are zero at x = 0 for the function 
1/-/1 + 2*". Remember that x = 0 corresponds to f = fo, the frequency 
of maximum gain in the bandpass-amplifier case. 

The selectivity ratio of the maximally flat response is given in the follow- 
ing equation, which is seen to be similar to Eq. (7-20) for cascaded identical 
single-tuned stages, but smaller for a given n, hence superior. 


4s ; 10° — 1 
Selectivity ratio = ri 


1/2n 
; ) = (577)1* (9-5) 


Fig. 9-3 Approximation of ideal by the maximally flat gain function. 
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Now the question is: Where does one locate the poles in the p plane to 
give this maximally flat amplitude response for p = jw? Let us take a 
specific case and then present the general situation. Suppose that we take 
a two-pole case, to be designed for a lowpass response; i.e., the frequency of 
maximum gain and at which the maximum number of derivatives should 
vanish is» = 0. Thus n = 2, and the desired amplitude response will be 


1 
|A(w)| = Wi (9-6) 


Since we are concerned only with amplitude, it is convenient to work with 
a function in which phase is absent. As mentioned in the previous chapter 
(see Fig. 8-11) in the discussion of image poles, a pure amplitude function 
is produced by taking A(p)A(—>p); in terms of the unknown pole locations 
p, and po (= ,) this is 


1 
BO Lie = Ie pap 2) 
= |A(p) [2nie (9-7) 
where Pi = 0, + joy 
Pi = 01 ~ jor = Pe 

For p = jw 

[A@)P > |A@)P = from Ba, (6) (0-8) 

1 


|A(p) ? > |4@))? = 


(04? + 17)? + (a1? — «1?)w? + wt 
from Eq. (9-7) (9-9) 


By comparison of Eqs. (9-8) and (9-9), i.e., equating the coefficients of the 
two equations, it is possible to solve for a, and w}. 


oy tao = 1 (9-10) 
017 — a," =0 (9-11) 
o, = +0.707 

(9-12) 
oO, = +0.707 


Thus the four poles of the amplitude function lie on a unit circle in the p 
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plane, as shown in Fig. 9-4. The result can be stated in terms of the pole 
locations having the four values of ~/—1. 

In more general terms we may solve the problem for any value of n. 
Using Eq. (9-1), we may rewrite it in terms of the frequency variable p. 


|A(jo) |? = ; ns =p aa since p = jw 
(=1)% 
= A(p)A(—p) = (<1)" + p™ (9-13) 
The roots of Eq. (9-13) are then 
peal SI CI ee ee (9-14) 


Hence the poles of the gain equation always lie on the unit circle at the 
2n roots of —1"*}. Specific examples are 


n=1 P1, P2 = +1 
+1/45° ps, py = £1/—45° 


n= 2 Pi, P2 
n=3 p1,pe = +1 60° 3, Pa = +1/—60° Ps, Pe = 1 


Interpreting our result now in terms of the potential analogy, we would 
say that positive line charges piercing the page at the pole locations in- 
dicated in Fig. 9-4 will yield a maximally flat potential variation along the 
jw axis. We know that the requirements on network functions prohibit the 
poles in the right half plane, but the potential analogy assures us that we 
can discard them and still have a maximally flat function. The symmetry 
about the jw axis indicates that, as far as potential along the jw axis is con- 
cerned, the left- and right-hand sets of poles provide the same potential 
variation. Thus removing one set simply divides the potential by a factor 

of 2, or gives the square root of 


he A(jw)A(—jw), hence |A(w)|. The 
0.707 40.70, 7 J7~Y 70.7 per cent or 3-db band edges are 
PP, arPL always x = +1, regardless of n [see 


Eq. (9-1)]. Hence the diameter of the 
circle is the bandwidth (heavy line). 
The shape of the actual amplitude 
response for various values of n is 
Py x—p. shown in Fig. 9-5. These would be 
~0.707-j0.707~_ | -“ * the actual response curves of a low- 
pass amplifier using the derived pole 
Fig. 9-4 Pole positions for n= 2, locations. We now wish to learn 
maximally flat function. how to change the pole locations to 
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produce a bandpass amplifier. The semicircle could be translated along 
the jw axis until its center was at a point jwo, in which case the maxi- 
mally flat amplitude response would be a bandpass one, centered at wo. 


Relative gain, db 


04 06 081 6 8 10 


_ 
x 


Fig. 9-5 Gain vs. frequency for maximally flat functions and various n’s. 


The bandwidth can also be varied at will by changing the size of the semi- 
circle; the diameter will always be the 3-db bandwidth, and the response 
will always be maximally flat. An example is shown in Fig. 9-6. In 
terms of the single-tuned interstage networks of 
Chap. 7, the figure would represent a narrow-band 
approximation, since there are no conjugate poles 
and no zeros at the origin. Otherwise, the figure 
corresponds to three single-tuned circuits with differ- 
ent center frequencies and Q. This is the foundation 
of “stagger tuning,” the details of which will be 
developed in Chap. 10. 

9-2. Wideband Transformation. In obtain- 
ing a maximally flat response in the bandpass case 
for large bandwidths, the simple picture of Fig. 9-6 
will not suffice. There are zeros at the origin—one Fi8-9-6 Pole loca- 

Se tier: Ps f tions for a maximally 
for each circuit in the single-tuned case, for ex- 


. . flat triple in narrow 
ample-—and a set of conjugate poles (see Fig. 8-1). band. 
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‘ is Tn potential terms, these additional charges 

; will influence the potential in the passband 

8,X s and will keep it from being maximally flat 
/*~ Passband unless something is done. 

Wo Something can be done, however, and it 

52x a Band center can be explained in several ways. One ex- 

a ti planation, which seems as satisfying as 


any, proceeds in terms of the potential 
analogy and the solving of a potential 
problem by means of conformal mapping. 
We know how to arrange a single cluster 
of positive charges (Fig. 9-4) in order to 
yield a maximally flat variation of poten- 
tial along the jw axis. Yet our problem 
for the wideband case consists in the ar- 
ranging of two clusters of positive charges 
and a multiple negative charge at the co- 
ordinate origin. These two situations are 
contrasted in Figs. 9-7 and 9-8; in order to 
Fig. 9-7 Pole locations for a distinguish the two problems, one has been 
wideband triple. labeled the s plane and the other the p 
plane. 

If somehow we could map the s plane into the p plane, our problem would 
be solved. This would involve carrying the s-plane origin out to infinity 
in the p plane, so that the influence of the negative charges would be re- 
moved. Second, the two clusters of positive charges in the s plane would 
have to reduce to one, a feat to be accomplished by causing them to overlie 
each other in the p plane. 

A conformal-mapping function which accomplishes just these desired 
results is 


s plane 


s WO 
eae ae (9-15) 


Wo 8 


This transformation, or mapping function, can be derived, but we shall 
not attempt to do so here. Note that the transformation is a generalization 
of the change of variable used in Eq. (7-11), where both z and w are allowed 
to become complex; i.e., 


— = (7-11) 


8 
p= — + (9-16) 


Hence another way of looking at the transformation is that it is a simple 
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change of variable which takes an equation such as Eq. (8-2), which has two 
poles and one zero, and changes it into an equation with only one pole and 
no Zeros. 

The transformation causes the band center in the s plane, namely, wo, 
to go into the origin in the p plane; and the origin in the s plane goes to in- 
finity in the p plane. A more compact expression for the transformation 
results from normalizing the s plane for any prescribed wo by dividing the 
plane coordinates by wo. Then the trans- 


formation becomes simply ho 
1 Pm 
p=s+- (9-17) jf 
$s / Passband 
The effect of transforming certain lines from 4 Band center 


the p plane into the s plane is shown in 
Fig. 9-9. Since we are interested in placing 
poles on a circle in the p plane, it is interest- 
ing to see how circles are transformed to 
the s plane. Small circles in the p plane are 
almost circular in the s plane, but centered 
about -+j1. These approximate the con- fig. 9.8 Poles from Fig. 9-7 
struction used in Fig. 9-6 for narrow bands. transformed to lowpass p plane. 
As the circles become larger in the p plane, 

their transformation becomes more distorted in the s plane. Note that 
the intersection of the circle or its transformation with the jw axis defines 
the edges of the passband and that the geometric mean of the intersections 
is always unity. 

The intersection of the radial lines and a circle in Fig. 9-9 defines the pole 
positions for a certain bandwidth (determined by the diameter of the circle) 
and a certain value of n (determined by the angles of the radial lines). In 
the figure n = 3. The angle that these radial lines make with the jw axis 
is the same in the p plane and at the points +]1 in the s plane because of 
the conformality of the transformation. This again shows that Fig. 9-6 
is correct for sufficiently narrow bandwidths; however, as the bandwidth 
increases, the transformed radial lines bend and the narrow-band picture 
no longer holds true. 

The s plane in Fig. 9-9 is really the answer to our problem of where to 
place the singularities of our single-tuned circuits to produce an exact, 
maximally flat gain function. All we need to do is to choose the trans- 
formed circle of proper diameter to give us the desired ratio of bandwidth 
to center frequency; then we read off the coordinates of the intersections of 
this transformed circle and radial lines. 

A word of caution: The transformation was developed for the single- 
tuned case as an example and applies only to this case (and others where 


Nx 
p plane po 
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-3 -2 
<— 
~o 
Fig. 9-9 Transformation of pole loci from the p plane to the s plane by the transforma- 
tion p = s + 1/s. The heavy line in the s plane shows the bandwidth which corresponds 
to the bandwidth (heavy line) in the p plane. Note that the heavy line in the p plane is 
twice as long as that in the s plane. 
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the ratio of the number of poles to the number of zeros at the origin is 2). 
More general forms of transformation exist which will accommodate 
double-tuned circuits, etc. These slightly modified forms will be introduced 
in Chap. 11. 

The transformation is commonly used in going from the p plane to the 
s plane since it is in the former plane that we know how to arrange the 
charges for maximal flatness. The transformation is double-valued in 
going from p to s, as may be seen by solving Eq. (9-17) for s. 


2 
femare () -1 (9-18) 
2 2 


Hence each pole in p goes into two in s. Unless the pole is real in the p 
plane, conjugate pairs of poles do not result in the s plane, although we 
know that the end result must be conjugate clusters for physical realiza- 
bility. We are saved by the fact that, when the whole maximally flat clus- 
ter in p is transformed, the result is all right. Thus p; in Fig. 9-8 taken 
together with p3 produces s, and s3, together with their conjugates. 

This transformation can also be regarded as a lowpass-to-bandpass one. 
A realizable network function set up as a pole arrangement in the p plane 
transforms into a realizable function in the s plane, which gives a bandpass 
characteristic in the latter when it was lowpass in the former. 

A practical matter in using the transformation is that there is a numerical 
factor of 2.0 between the bandwidths in the two planes. The bandwidth 
from —r to r in the p plane becomes two passbands in the s plane each of 
bandwidth r. Thus, if (w2 — w1)wo is desired to be 1.0 in the s plane, then 
Q, — 2; must be set up as 2.0 in the p plane. 

9-3 Equal-ripple Gain Function. An alternative to the maximally 
flat approximation to constant gain in the passband is the equal-ripple 
response illustrated in Fig. 9-10. Such an amplitude response is readily 
devised. The magnitude of the ripples can be specified, although not their 


1.0 i/y ite 
.707 == Ripple, db = 20 log. fI+e 
B,———>| 


|-+-— B, 
ee 


o> 


Fig. 9-10 Equal-ripple response. 
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frequency spacing. This response function turns out to be advantageous 
from three standpoints: more gain can be achieved for the same bandwidth; 
the approximation to constant gain is usually better for steady-state ap- 
plications than is the maximally flat response; and the selectivity ratio 
is better. 

The analytic expression of the amplitude response of Fig. 9-10 is given 
below. It contains Chebyshev polynomials, and because of this the ap- 
proximation function is sometimes called the “(Chebyshev response.”’ 


1 
|A(x)|= Vin ol) (9-19) 


, Tipple (db) 


where e = ripple parameter = log ia 1 (9-19a) 
C,(x) = Chebyshev polynomial 
Cy(x1) = 2 Ca(x) = 8x* — 8x? +1 


Co(z) = 22? — 1 Cs(x) = 162° — 20x? + 5x 
C3(x) = 42° — 8x Co(x) = 320° — 48x* + 182? — 1 
Cr4i(x) = 2xC,(x) — Cri (x) (9-20) 


There is also a convenient expression for the general polynomial in terms 
of trigonometric functions, 


cos (n cos! x) for -l1<2<+1 


9-21 
cosh (n cosh! x) for |x| > 1 20) 


Cat2) = | 


The property the Chebyshev polynomials have which is of interest to 
us is shown in Fig. 9-11; for 2 in the range of +1, the maximum and mini- 
mum values of C,,(x) are also +1, and C,,?(x) oscillates between 0 and 1 in 
the “approximation band”— —1 <2 < +1. Therefore inspection of Eq. 
(9-19) shows that in this band the maximum value of A(z) is 1 and the 
minimum value of A(x) is 1/+/1-+ «, as shown graphically in Fig. 9-10 
(for n = 5). Far outside the approximation band C,,?(x) increases like x?”. 
Therefore the gain function decreases outside the passband much as it did 
for the maximally flat case [cf. Eq. (9-1)]. 

Since Eq. (9-19) seems to provide a very useful gain function, what we 
now need to know is where to locate the poles of the gain function to realize 
this gain function along the jw axis. From these pole locations we may 
later determine the necessary element values in the interstages. 
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The simplest gain function leading to the equal-ripple amplitude response 
is an all-pole one, with the poles situated around a semiellipse, as opposed 
to a semicircle for the maximally flat response. This is depicted in Fig. 9-12 
and was previously shown in Fig. 8-10. The actual value of the pole loca- 
tions may be found by the process used to factor Eq. (9-1) and resulting in 
Eq. (9-14). 

The band between x = 1 and —1, the foci of the ellipse, corresponds to 
the bandwidth B, in Fig. 9-10 and is the band within which the gain stays 


Fig. 9-12 Pole locations for an equal- 
ripple gain function. 


Fig. 9-11 Chebyshev polynomials. 


within the ripple tolerance. On the other hand, the band between x = 
cosh a and —cosh a corresponds very closely to the 3-db bandwidth Be in 
Fig. 9-10, differing from 3 db by the amount of the ripple, which is usually 
small, say 44 db. We are actually interested in both these bandwidths, 
although designers of passive networks usually talk only about B,. The 
3-db bandwidth Bz provides a comparison with the maximally flat case 
and is also the bandwidth to be used in evaluation of noise in amplifiers. 
The parameter a is a function of the desired ripple magnitude. Qualita- 
tively it can be seen, via the potential analogy, that as the minor diameter 
of the ellipse is made smaller, bringing the poles in closer to the jw axis, the 
potential variation (the “ripple’’) will be larger. The formal expression is 


a ee (9-22) 
a = —sinh~' —= - 
n Ve 
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The expression for the location of the kth pole is as follows: 
For n odd 
py = sinh (-< + jk *) 
n 


n-l1 
where k=0, +1. +2, ee 
For n even 9-23 
' ( =r) vee 
Pe = sinh| -—a+j ~ 
2 sn 
h k : Oras +(; 1) 
where =...,-—...,—-1,90, § cetateyy -— 
2 2 


It will actually be more expeditious in comparing the equal-ripple case 
with the maximally flat one—and indeed in designing for equal ripple—if 
we equalize the 3-db bandwidths in the two cases. Thus, in the maximally 


p Plane, n=3 
Maximally flat 
k Q Py) Por Py 
Equal ripple 
Pi Py Ps 7 


tanhal —1 


Fig. 9-13 Same as Fig. 9-12, except that Fig. 9-14 Construction used in going 
the passband (—3 db) is from —1 to +1. from maximally flat to equal-ripple pole 
locations. 


flat case (Fig. 9-3) the 3-db passband extended from x = +1 to —1. 
Hence, if we change the scale of the ellipse in Fig. 9-12 to bring its major 
diameter between +1 and —1, the two cases are closely comparable. This 
we do by dividing the scale of Fig. 9-12 by cosh a, giving Fig. 9-13. 
Remarkably enough, the pole locations are closely related to the maxi- 
mally flat case. The imaginary components are identical, and the real com- 
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ponents for the equal-ripple case are simply tanh a times the real component 
for maximally flat. This is illustrated in Fig. 9-14. 

We can now summarize the two functions, i.e., the two sets of pole loca- 
tions. The maximally flat response results from placing the n poles on the 
unit circle (for a band from +1 to —1), according to the 2n roots of 
—1"+t1_ For the corresponding equal-ripple case, i.e., the same 3-db 
bandwidth (almost), multiply the real components by tanh a. 

Rather than write the formulas for the 2n roots for arbitrary n, it is 
really simpler to state (and to remember) the simple geometrical procedure: 


Divide the semicircle (180°) by n, giving the angular separation of 
the poles. Lay them out on a semicircle of the desired diameter 
(determined by the bandwidth desired), starting with a half angle 
at the jw axis. 


Thus in the example above (Fig. 9-14), 180° divided by n = 3 gives 60° 
for the pole separation. The poles are laid out on the semicircle, starting 


’ do/dw 


Fig. 9-15 Typical phase function. Fig. 9-16 Typical phase-delay function. 


with a half angle, namely, 30°, next to the jw axis. This gives maximal 
flatness of amplitude response. For equal ripple, just translate the poles 
horizontally toward the jw axis by multiplying the real component of the 
pole coordinates by the factor tanh a (tanh a is given in Table 10-6 as a 
function of the amount of ripple and n). 

9-4 Linear-phase Response. In some bandpass or lowpass systems, 
it may be the objective to make the amplifier have as closely as possible a 
phase shift ¢ that varies linearly with frequency, or, what is equivalent, a 
phase delay d¢/dw that is constant with frequency. The amplitude re- 
sponse is taken as it comes. 

The phase response is always an odd function of frequency with respect 
to band center and may look as in Fig. 9-15. The derivative, on the other 
hand, will be an even function, as in Fig. 9-16. This suggests that an ap- 
proximation to perfect linear phase (which is not physically realizable over 
an infinite frequency range) would be to make the phase delay maximally 


216 APPROXIMATION FUNCTIONS [CHap. 9 


flat." The problem becomes one of deriving a function which expresses 

the delay curve of Fig. 9-16, in terms of the pole locations, and then solving 

for the locations necessary to make the delay curve maximally flat. The 
procedure parallels that for the maximally flat amplitude response. 

As an example, let us take once again the two-pole gain function, low- 

pass, as in Fig. 9-17, for which 
1 
A(p) = ——__—_—_ 9-24 
a (p — pi) (p — Bi) or 


Pi = 01 + joi 


Fig. 9-17 Assumed pole locations of Fig. 9-18 Same as Fig. 9-17 with image 
A(p) to give maximally flat delay. zeros, A(p)/A(—p). 


The phase response can be derived directly from Eq. (9-24), or it can be 
obtained by forming a phase function A(p)/A(—>p), pictured in Fig. 9-18, 
which has twice the actual phase shift and no amplitude variation [see 
Eq. (8-56)]. Taking the latter approach, which possesses no special virtue 
here except to illustrate a broadly applicable technique, 


1 A(p) 
o@) = ae A) soe (9-25) 
A(p) 3 (—p — pi)(—P — fr). 
A(—p) p=jo (p — pi)(p — Br) p=jw 
- la + J + ai)llor + j@ — #1) (0-26) 


lor — J + w)]lo1 — j@ — @1)] 


1W. E. Thomson, Networks with Maximally Flat Delay, Wireless Engr., vol. 29, pp. 
256-263, October, 1952, p. 309, November, 1952; Lynch, op. cit.; F. A. Muller, High- 
frequency Compensation of RC Amplifiers, Proc. IRE, vol. 42, pp. 1271-1275, 
August, 1954. 
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Substituting Eq. (9-26) in Eq. (9-25) gives 


w+ wy — wy 


w 
¢(@) = tan7! + tan7! — (9-27) 
O71 O71 
Differentiating Eq. (9-27) gives the delay function 
d¢ 1 1 1 1 
do wo + w1 es wo — a\? oy 
i te) 
aj O71 
1 
1 2 
201 - oi? + wy? : 
“2 2 2 (9-28) 
oy + 2(" — wr) 4 1 “ 
l+—3 2\2% 2 a2 
(1° + wy") (o1° + «°) 


Equation (9-28) is an even function in w, as was the amplitude function of 
Eq. (9-9), and can also be made maximally flat. It is expanded in a power 
series, in which the coefficients of w?, w‘, etc., correspond to the derivatives 
atw = 0. Equating as many of these to zero as is possible yields maximal 
flatness. Expanding Eq. (9-28) in a power series gives a coefficient of the 
w* term which is the difference between the numerator and denominator 
coefficients of w?. Equating this difference to zero gives 


1 os 2(0;? ae w1”) 


os 9-29 
oy” + wy? (0;? + wy")? ( ) 
oy" = 3w,? 
qu= ++/3 wy (9-30) 


No further coefficients can be made zero, but notice that three are zero—not 
only w, but also w and w® because of the function being an even one. Thus, 
as in the amplitude response, three derivatives are zero for a two-pole func- 
tion, or 2n — 1 derivatives for an n-pole function. 

Also notice that Eq. (9-30) differs from Eq. (9-12), which dictates that 
o, = w,; for maximally flat amplitude. It is of interest to complete the 
comparison by setting the amplitude bandwidths equal in the two cases. 
For Eq. (9-12) the bandwidth is 2.0; so we can adjust the flat-delay func- 
tion to have this amplitude bandwidth. To do this, we arbitrarily let 
w, = 1 in Eq. (9-24), then o, = +/3, and by substitution we find that 
Eq. (9-24) becomes 

1 


A= = 
©) p+2V3p+4 


(9-31) 
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The magnitude of Eq. (9-31) is 
1 


AG re 
| A (je) | Palak ce 


(9-32) 


At w = 0, |A(jw)|? = 46; therefore the band-edge frequencies are found 
by solving for w, in the equation 


q 


wy? + 4,7 + 16 = 32 
or wy = £1.57 (9-33) 


Thus the proper pole locations to give both the linear-phase response and a 


~16 —14 -12 -10 -08 -06 —04 -0.2 


® ~04 


2) —0.6 


re) ~-1.0 


=1. 
x® 
~14 


Fig. 9-19 Maximally linear-phase pole locations. (Band normalized to +1.) Circles 
indicate order (n) of approximation. 
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3-db bandwidth of 2.0 (band from —1 to +1) are 


3 
pice WS 245) 
1.57 
(9-34) 
41 


= = +0.636 
1.57 


O1 


These values contrast with those for maximally flat amplitude response 
giving the same 3-db bandwidth, which are, from Eq. (9-12), o) = w; = 
+0.707. 

For the general case of n poles, things are not so simple as they were for 
maximally flat amplitude. The poles do not remain on the same contour 
for all x, nor do they lie on any simple contour for a given n. Moreover, 
the computational difficulty increases rapidly for large values of n. A few 
results from Thomson’s paper are sketched in Fig. 9-19, the numerals 
indicating the poles corresponding to a given value of n. 

Equal-ripple approximations to linear-phase or constant delay have re- 
ceived study, but no compilation of generally useful results has yet ap- 
peared. 

9-5 Arbitrary Responses. The formal examples of amplitude or 
phase responses which have been presented are by no means the only useful 
ones. In some respects they are too circumscribed by theoretical limita- 
tions. For instance, it is not possible to get both maximally flat amplitude 
and maximally flat delay in a simple amplifier structure; yet Bradley ! 
has shown that one can devise a response which, from a practical stand- 
point, is very flat in both amplitude and delay and which has good selec- 
tivity as well. 

Other situations call for amplitude or phase response having rather 
arbitrary shapes. For all such responses other than the idealized ones 
described in this chapter, it is probable that the most useful approximation 
procedure is experimentation with one or more of the analogies presented 
in Chap. 8. 


PROBLEMS 


9-1a. Find the pole positions in the lowpass plane (p plane) for a three-pole, maximally 
flat amplifier with a bandwidth extending from 9 = —0.3 to = +0.3. 

b. What fractional bandwidth (ratio of bandwidth to center frequency) will result if 
the pole positions in (a) are transformed to the bandpass plane with the transformation 
p=st1/s? 

c. Find the pole locations in the s plane, using the transformation in (6). If the band 
center were desired at 50 Mc instead of 1.0, what would you do with these pole positions? 


iW. E. Bradley, Design of a Simple Band-pass Amplifier with Approximate Ideal 
Frequency Characteristics, Trans. IRE, vol. PGCT-2, pp. 30-38, December, 1953. 
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9-2. Find the locus in the s plane of a point moving from — in toward the origin 
along the D axis in the p plane. What special feature occurs in the s plane at the trans- 
formation of the point p = —2? 

9-3. Assume a gain function of the form 


We wish to make this function maximally flat by properly choosing the constant a. 
To do this, form the function | A(jw) |?.. This function may then be differentiated with 
respect to w and as many derivatives as possible set equal to zero. From this the value 
of a may be determined. Show that this value of @ gives a pair of poles in the same 
position as specified by Eq. (9-12). 

9-4. The series-peaked transistor stage of Chap. 4 has two complex poles and no 
zeros in its transfer function. Therefore these poles may be placed in such a manner as to 
obtain a maximally flat gain function. (Note that this procedure will lead to a transient 
response with considerable overshoot.) 

Using the approximations in Sec. 4-7, find the relations between the stage element 
values to produce a maximally flat stage with bandwidth w,. 

9-5. In the p plane, the poles of a maximally flat gain function lie on a circle. Sketch 
in the s plane the transformed circles and pole locations for n = 3 for each of the two 
conditions 


B, 
He = 0.3 —=15 
wo 


B, is the 3-db bandwidth in the s plane, and w is the center frequency. Check your 
result with the curves in Fig. 9-9. 

9-6. Find pole locations in the p plane for equal-ripple responses of unit, bandwidth 
having 14 and 1 db ripple. Do this for both nm = 2 and n = 3. Find the ratio of the 
gain at the origin for each case to the gain at the origin for an equal number of poles 
arranged in a maximally flat manner. Assume that the gain depends upon the distances 
from the poles to the origin only. 

9-7. Prove that, in general, the intersections of the circles and the jQ axis in the 
p plane when transformed to the s plane display geometric symmetry about the band- 
center frequency. 

9-8. The pentode shunt-peaked stage can also be made maximally flat by the proper 
choice of the parameter m (see Sec. 4-3 and Fig. 4-2). Form a magnitude function 
A(p)A(—p), and let p = jw. Then equate as many derivatives of this function to zero at 
w = 0 as possible. This procedure will determine the value of m, which should be 
m = 0.414. What angle does a line connecting the origin to a pole make with the o axis 
for this value of m? 


10 
Stagger Tuning 


The term ‘‘stagger tuning” refers to an amplifier comprising several 
stages in cascade, in which the stages are not tuned identically to the same 
frequency but are “staggered” at frequencies above and below the desired 
center frequency of the complete amplifier. Not only are the tunings of 
the individual stages nonidentical, but their bandwidths are also dif- 
ferent. 

The objectives of stagger tuning are twofold: (1) @ greater gain-band- 
width factor is generally achieved than with a cascade of identical stages, 
and (2) a prescribed amplitude response, such as maximally flat or equal 
ripple, can be synthesized, either of which is more desirable for filtering than 
is the response of identical stages. 

Historically, the advantages and possibilities of stagger tuning were ap- 
parent to a few persons several years before it became a widely used tech- 
nique. The desirability of synthesizing a complicated gain function from 
simple networks in a multistage amplifier was first advocated by Butter- 
worth in 1930, although the gain-bandwidth advantage did not become 
apparent until Schienemann’s paper in 1939.2 The latter paper was ap- 
parently not utilized by anyone in this country until about 1943, although 
Landon in the meantime had published a paper having to do with the 
maximally flat response function.? To Henry Wallman belongs the credit 

18. Butterworth, On the Theory of Filter Amplifiers, Wireless Engr., vol. 7, pp. 
536-541, October, 1930. 

2 R. Schienemann, Tragerfrequenzverstarker groszer Bandbreite mit gegeneinander 
verstimmten Einzelkreisen, Telegraphen Fernsprech Tech., 1939, pp. 1-7. 


*V. D. Landon, Cascade Amplifiers with Maximal Flatness, RCA Rev., vol. 5, pp. 
347-362, 481-497, January and April, 1941. 
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for first exploiting the stagger-tuning technique ' used in connection with 
wideband intermediate-frequency amplifiers in the receiver of a radar 
system. 

Wallman’s work provided usable data for synthesizing the maximally 
flat amplitude response with single-tuned amplifier stages. This was ex- 
tended by Baum ? to include the equal-ripple function and by Trautman 
and other workers to include other interstage networks.® 

The principal elements of the technique have already been described. 
In Chap. 9 there were presented the pole locations for three kinds of gain 
functions, yielding maximally flat or equal-ripple amplitude response or 
maximally flat time delay (linear phase). In Chap. 7 there were developed 
the equations for the gain function of one single-tuned amplifier stage, and 
in Chap. 8 the gain function was factored to yield the relationship between 
the poles and the element values for the single-tuned circuit. Now all that 
remains is to assign a single-tuned stage for each pole of the desired over-all 
gain function. Then from the pole locations we shall be able to determine 
the stage element values, expressed usually in terms of the tuning (center 
frequency wo) and the bandwidth (or Q). 

We shall follow Wallman’s convention of distinguishing three cases, 
depending upon the relationship of bandwidth to center frequency. The 
first case is narrow-band, where the bandwidth is less than 5 per cent of the 
center frequency. At the other extreme is the wideband case, where the 
bandwidth is 30 per cent or more of center frequency. In between is what 
Wallman calls the “asymptotic,” or intermediate, case. 

10-1 The Narrow-band Case. The narrow-band case gives arith- 
metic symmetry of the amplitude response and is the case where the zeros 
at the origin and the conjugate poles are neglected. The single pole has 
the coordinates shown in Fig. 10-1, which depicts the p plane normalized 
by 27 to give bandwidths in cycles per second instead of radians per second. 
Notice that the horizontal coordinate of the pole is fo/2Q, which is also 
B/2, where B is the 3-db bandwidth of the single-tuned circuit as given in 


1H. Wallman, Stagger Tuned I-F Amplifiers, M.J.T. Radiation Lab. Rept. 524, 
February, 1944; the essential content of this report appears as chap. 4 in G. E. Valley, 
Jr., and H. Wallman (eds.), “Vacuum Tube Amplifiers” (vol. 18, M.I.T. Radiation 
Laboratory Series), McGraw-Hill Book Company, Inc., New York, 1948. 

2R. F. Baum, Design of Broad-band I-F Amplifiers, J. Appl. Phys., vol. 17, pp. 
519-529, 921-930, 1946. 

3D. L, Trautman, Jr., Maximally Flat Amplifiers of Arbitrary Bandwidth and Coup- 
ling, Electronics Research Lab., Stanford, Tech. Rept. 41, Feb. 1, 1952; J. 8. Eddy, Stagger 
Tuned Amplifiers with Double-tuned Interstages, Electronics Research Lab., Stanford, 
Tech, Rept. 29, January, 1951; D. L. Trautman and J. A. Aseltine, Equal-ripple Band- 
pass Amplifiers, Univ. Calif., Los Angeles, Dept. Eng. Rept. 51-9, August, 1951; M. M. 
MeWhorter, The Design, Physical Realization and Transient Response of Double-tuned 
Amplifiers of Arbitrary Bandwidth, Electronics Research Lab., Stanford, Tech. Rept. 58, 
February, 1953. 
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Eq. (7-5). Hence a semicircle drawn he /20 

through the pole and centered on fo -F 

gives the band edges for the single- y : 

tuned circuit. Do not confuse this / B=f,/Q=1/27RC 

geometrical trick with the semicir- | 

cular construction required for place- ——%<— => —>}f, 

ment of several poles in order to yield \ 

maximal flatness. \ 
Now, for stagger tuning in the nar- \ 

row-band case, one merely draws the 

semicircle, as in Fig. 10-2, of diameter 

B corresponding to the desired over-all pig. 19-1 Approximate pole location 

bandwidth, and places the desired for a narrow-band single-tuned stage. 

number of poles on the semicircle, one 

for each single-tuned stage. From the pole coordinates one then computes 

for each stage the individual fo; and By = fo,/Q;, as in Fig. 10-1. The re- 

sults can be drawn up in a simple table which can be used without having to 

repeat the geometrical construction for each new case. Such a table is 

given in Table 10-1, with values from Valley and Wallman.' The table is 


4 zeros 
a 


Fig. 10-2 Pole cluster about band center for a maximally flat amplifier and the cor- 
responding situation including all poles and zeros. (Narrow band.) 


given only through the staggered quadruple, although obviously it could 
be extended as far as desired. Practically, however, the pairs and triples 
are the most widely used. Higher orders require stages with high Q (poles 
near the jw axis), sometimes higher than can be obtained in the presence of 


1Qp. cit., p. 180. 
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Table 10-1. Narrow-band Stagger Tuning (Maximally Flat) 


1. Staggered pair (n = 2) 
Two stages tuned to fo + 0.35B, each having a 
bandwidth 0.707B 
2. Staggered triple (n = 3) 
One stage tuned to fo, with bandwidth B 
Two stages tuned to fo + 0.43B, with bandwidth 0.50B 
3. Staggered quadruple (n = 4) 
Two stages tuned to fo + 0.46B, with bandwidth 0.38B 
Two stages tuned to fo + 0.19B, with bandwidth 0.92B 


Note: fo is the center frequency of the over-all amplifier, and B is the over-all 3-db 
bandwidth. 


loading due to tube input conductance. Also, the tune-up procedure is 
lengthened, since additional signal generator frequencies must be used. 

The data in the table provide the necessary design data, and that would 
be the end of the story if electrical components always had the proper values 
of resistance, capacitance, etc. This is not the case, of course, and par- 
ticularly in wideband amplifiers, where the principal capacitance is that 
due to the tube. There is substantial variation from one tube to the next, 
and hence each stage is usually made tunable over a sufficient range to 
allow for this. The inductance is readily tuned by means of a brass or 
powdered-iron “‘slug,” or core, moved into and out of the coil. Although a 
tuning capacitance could also be added, to do so increases C' per stage and 
reduces the gain-bandwidth product. 

The tuning procedure is simplicity itself. A signal generator is connected 
to the input. of the amplifier and a vacuum-tube voltmeter to the output. 
If the amplifier is, say, a triple, with stages 1, 2, and 3, to be tuned to fre- 
quencies f1, fo, and f3, according to Table 10-1, then the signal generator is 
first set at f; and stage 1 tuned for a maximum voltmeter reading. Next, 
stage 2 is adjusted with the signal generator set at fo. Finally, stage 3 is 
adjusted at frequency f3. The order of 
adjusting the stages is completely unim- 
portant. 

Also, except for certain second-order 
effects, it is immaterial in which order 
the stages are connected. To make sure 
these effects are small, the tunings can be 
rechecked. 

10-2. The Wideband Case. The 
wideband case requires the use of the 


Fig. 10-3 Exact pole-zero loca- ; 
tions for a single-tuned stage. transformation developed in Chap. 9. 
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The principal differences are that the poles in the s plane are not on a 
circle to give maximal flatness and that the radial distance from the origin 
to the pole of each single-tuned circuit represents the resonant frequency 
fo (see Fig. 10-3). Each new design problem could be worked through 
by laying out the poles on a circle in the p plane, transforming their coor- 
dinates to the s plane, and then determining the stage tunings and band- 
widths, as in Fig. 10-3. But for repeated design work it is more convenient 
to reduce the results of the process to formulas and curves. Two excellent 
curves are given in Valley and Wallman,! for staggered pairs and triples. 
The corresponding formulas are given in Table 10-2 and the curves in 
Figs. 10-4 and 10-5. 


Table 10-2. Wideband Stagger Tuning (Maximally Flat) 


1. Staggered pair (n = 2) 
Two stages tuned to foa and fo/a, having the same Q 


ice 
4+ -— V16 + 6 


(ogee 


2. Staggered triple (n = 3) 
One stage tuned to fo with bandwidth B 
Two stages tuned to foa and fo/a, same Q 


2 


pe - ae 
4+e— Vi16 +48 + 3 


Norte: fo is the center frequency (geometric center) of the over-all amplifier. B is the 
over-all 3-db bandwidth, and 6 2B /fo- 


It is of interest to note in passing the locations of the poles in the wide- 
band case for, say, the staggered triple. The center stage has the same fy as 
the triple; hence, its pole will always lie on a circle drawn through the point 
jfo and will be farther from the jw axis for greater bandwidths (or on the 
o axis for 6 > 2). The other two stages both have the same Q, and their 
center frequencies are related by the factor a; this results in the poles for 


1Op. cit., pp. 188, 190. 
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Fig. 10-4 Design curves for an exact flat staggered pair. 
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Fig. 10-5 Design curves for an exact flat staggered triple. 
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these two stages lying on the same radial 
line through the origin. The complete 
picture (omitting the lower half plane) is 
shown in Fig. 10-6. 

10-3 The Asymptotic Case. The 
formulas of Table 10-2 are cumbersome 
to use and hence should be avoided un- 
less the bandwidth is really large. An 
intermediate region of B/fy can be de- 
fined in which the calculation can be 
simplified and yet an accuracy of better 
Fig. 10-6 Pole positions for maxi- than 1 per cent can be retained. If B/fo 
mally flat triple in the wideband jg Jess than 0.3, the values of a and Q in 
Gane ower nally splane. Omitted). Table 10-2 approach very closely an 
Compare with Fig. 9-9. ie ees coe Bouse 

asymptotic limit; this is indeed called the 
“asymptotic case” by Wallman. For example, in the staggered pair, 
a approaches 1 + 0.356, and Q approaches 1.4146. These formulas for the 
intermediate case are given in Table 10-3. It will be noted from a com- 
parison of the narrow-band and intermediate cases (Tables 10-1 and 


Table 10-3. Intermediate Bandwidth (Maximally Flat) 
6 = B/fo = 0.05 to 0.3 (or 0 to 0.3) 


1, Staggered pair (n = 2) 
Two stages tuned to foa and fo/a, same Q 


1.414 
Q= a= 1+ 0.355 


2. Staggered triple (n = 3) 
One stage tuned to fo with bandwidth B 
Two stages tuned to foa and fo/a, same Q 


Q@=— ea=1+ 0.4338 
3. Staggered quadruple (n = 4) 
Two stages tuned to foe: and fo/a1, same Q; 
2.63 
are a, = 1+ 0.466 
Two stages tuned to foae and fo/az, same Qe 


1.088 
Q=—— a = 1+ 0.198 


Norse: fo is the center frequency of the over-all amplifier, and B is the over-all 3-db 
bandwidth. 
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10-3, respectively) that the tuning of the low stages is the same, but not 
that of the high stages. In the narrow-band case the bandwidths of cor- 
responding high and low stages are the same, whereas in the asymptotic 
case the Q’s are the same. Thus the equations of Table 10-3 display the 
correct geometric symmetry about fo. The differences, though, are quite 
small. Because the intermediate-bandwidth formulas are so easy to use, 
they may well be used for a narrow-band example as well. 

All three of the preceding tables give the data for the maximally flat 
amplitude response. To obtain the equal-ripple response in the narrow- 
band case, it is necessary only to multiply the bandwidth of each stage by 
the factor tanh a, as defined in Chap. 9. For values of tanh a see Table 10-6. 

For the wideband and intermediate cases, the equal-ripple response can 
be derived from the transformation p = s+ 1/s. The resulting formulas 
will be found in Table 10-4. 


Table 10-4. Wideband Stagger Tuning (Equal Ripple) 
Ripple factor tanh a as in Eq. (9-18), Fig. 9-8, and Table 10-6 
B desired over-all 3-db bandwidth 


s=— 


fo desired center frequency 


1. Staggered pair (n = 2) 
Two stages tuned to fox and fo/a, having same Q 
— 2 
4+ R? — V(R? — 4)? + 88 


TAL4 3D 
oe _ = 2 
(« ta # 


2 
R? = a + tanh? a) 


2. Staggered triple (n = 3) 
One stage tuned to fo with Q = 1/(6 tanh a) 
Two stages tuned to foo and fo/a, same Q 
a 2 
4+ R? — V(R* — 4)? + 128? 


2 
R= <6 + tanh?) 


Nore: These formulas reduce to those of Table 10-2 (maximally flat) when the ripple 
is reduced to zero, making tanh a =1. Thus this table includes not only equal 
ripple but also maximally flat as a special case. 
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10-4 Cascades of n-uples. A stagger-tuned cascade of n stages is 
called an “n-uple,” e.g., a quadruple for n = 4, but an n-uple where n is 
arbitrary. 

Now, an n-uple can be designed according to the principles which have 
been set forth in the preceding pages for as many stages as desired. For 
practical reasons, however, the order n of the n-uples usually is not higher 
than 3 or 4 (occasionally perhaps as high as 6). Hence, if more than three 
or four stages are required to obtain the required over-all gain, it is cus- 
tomary to cascade several n-uples. It turns out, of course, that, when 
identical triples are cascaded, the bandwidth shrinks. The situation for 
cascaded identical single-tuned stages was given in Eq. (7-15). For the 
stagger-tuned case the gain magnitude in terms of the normalized frequency 
variable x is for one n-uple, 


1 
|An(x)| = Vie (10-1) 


The gain for m such n-uples cascaded is 


|Anm(2) |= (==) (10-2) 


Setting the over-all gain at 1/+/2 and solving for x gives the half bandwidth 
of the resulting amplifier, and also the bandwidth shrinkage factor since 
the half bandwidth for one n-uple is unity. 


Bandwidth of m staggered n-uples 


= (2m — 1)?" (10-3) 
Bandwidth of one staggered n-uple 


Implicit in this equation is the fact that the higher the order n the slower 
will be the bandwidth shrinkage as n-uples are connected in cascade. 

10-5 Gain-Bandwidth Factor. This useful figure of merit was defined 
in Chap. 7; it provides a means of comparing the amount of gain-band- 
width realizable from tubes having the same g»,/C when used with various 
interstages. 

For one single-tuned stage, the gain-bandwidth factor was shown to be, 
by definition, equal to unity. For a cascade of m identical single-tuned 
stages, the gain-bandwidth factor is 


GBF = Vai — 4 (7-15) 


This is the same as Eq. (10-3) with n = 1. Thus the gain-bandwidth factor 
diminishes as the number of stages increases. 
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In marked contrast to this, the gain-bandwidth factor of n single-tuned 
stages arranged in a staggered n-uple (maximally flat) is always 1.00, re- 
gardless of n. Thus, stages can be added indefinitely without loss of gain- 
bandwidth factor. The proof that the gain-bandwidth factor is always 
unity in an n-uple is simple for the narrow-band case. Here the gain of 
each stage at band center fy is the same regardless of n because the distance 
from fo to the pole characterizing one stage is the same as the distance to 
the pole of any other stage because of the circular pole locus. By use of 
Eq. (8-6), the gain of any stage at midband is 


: Gm 1 Gm 1 
| A (jwo) | = : = 
2C \jo — pi1| 2C B,/2 


(10-4) 


In Eq. (10-4) B, is the over-all bandwidth in radians per second. Substitut- 
ing in the definition of GBF [Kq. (7-16)], we obtain 


CBF A (A,)!/"B, = ( Im Ve = 1 (10 5) 
Gm/C CB, Jm/C 


The corresponding proof that the GBF is unity in the wideband case is 
complicated by the fact that all stages do not then have the same gain at 
band center. The easiest way of proceeding is to consider gain in the low- 
pass plane (the p plane) where the poles are equidistant from the band 
center (w = 0). Since the transformation from the p to the s plane is con- 
formal, the gain produced by a set of singularities in the : plane is the same 
as that produced by the corresponding set in the s plane. We have learned, 
however, that a complex pole in the p plane does not transform into a con- 
jugate pair in the s plane; consequently we must consider a conjugate pair 
of poles in the p plane which transform into two conjugate pairs in the s 
plane (or two single-tuned stages). The gain of such a pair of stages will be 
equal to that of any other pair of stages with poles lying on the same circle 
in the p plane. Also, the pair of stages will have the square of the gain of 
a stage whose pole lies on the intersection of the o axis and the circle. 
Therefore, in the wideband case the geometric mean of the gain of pairs of 
stages having the same Q’s will equal the gain of a centered stage. Since 
the geometric mean of the over-all gain is used in the equation for deter- 
mining the GBF, the latter will again be unity. To illustrate the situation 
described, the gains (in decibels) of the three stages of a relatively wideband 
triple (6 = 2) are plotted on a logarithmic frequency scale in Fig. 10-7. 
(The arithmetric symmetry of the curves on the logarithmic frequency 
scale indicates geometric symmetry on a linear frequency scale.) Note that 
the gain (decibels) of the low- and high-frequency stages is equally above 
and below the mid-frequency stage at band center. 
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When it becomes necessary to cascade staggered n-uples, the gain-band- 
width factor is given by Eq. (10-3). The numerical values which result 
from these formulas are both of interest and of practical importance. Table 
10-5 shows the gain-bandwidth factors obtained with N tubes (V = mn) 
from N = 1 to 9 used in various combinations. 

To use the table, refer back to Eq. (7-16), where the gain-bandwidth 
factor was defined. As an example, suppose that one wishes to compare 
nine tubes used as identical stages or as three staggered triples. The ratio 
of over-all bandwidth obtainable for the same over-all gain would be 


On the other hand, the ratio of gain obtainable for the same over-all band- 
width is 
Ce) 1.3 X 10¢ 
0.28) 


Comparison of the gains for equal bandwidths emphasizes the fact that an 
amplifier made up of a large number of identical stages is indeed an in- 


20 


Low stage 
15 


Gain relative to center stage, db 


Frequency 


Fig. 10-7 Gain of the three stages in a maximally flat triple, assuming g,,/C identical 
for each stage. B/fo = 2. 
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efficient device. The contrast for the case of equal gain is not so startling, 
but the same phenomenon is at work. 

The gain-bandwidth factor for an n-uple adjusted for an equal-ripple 
type of response is greater than unity because for the same bandwidth the 
poles are located closer to the jw axis than in the maximally flat case. Since 


Table 10-5. Gain-Bandwidth Factors 


Cascaded n-uples 
(Qlim a 1)1/2n 


Identical 


tubes. N te mn) eater 
, jn 
v2 1 m pairs m triples m quadruples 


Vom —y | Aailm iy | aim 


2 1.00 
(m = 1) 
3 ae 1.00 
(m = 1) 
4 0.80 sere 1.00 
(m = 2) (m = 1) 
5 
6 0.71 0.86 
(m = 8) (m = 2) 
7 
8 0.66 aoe 0.90 
(m = 4) (m = 2) 
9 mere 0.80 
(m = 8) 


the poles are closer to the jw axis for larger amounts of ripple, we would ex- 
pect a larger GBF, as is shown in Table 10-6. As an example, the gain of a 
quadruple with 0.2 db ripple is about 10 db greater than the corresponding 
maximally flat quadruple. 

The GBF for combinations of equal-ripple n-uples can be approximated 
by taking the GBF for the combination from Table 10-5 and multiplying 
it by the GBF for the equal-ripple n-uple (Table 10-6). For example, the 
GBF for three cascaded pairs with 0.1 db ripple per pair is (1.07)(0.71) = 
0.76; the over-all ripple would be (3)(0.1) = 0.3 db. 

10-6 Practical Design Information. The attempt in this discussion 
has been to provide the underlying theory and some physical intuition in 
the matter of how stagger tuning works. Active workers in a field such as 
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Table 10-6. Equal-ripple Funetion 


Values of tanh a and gain-bandwidth factor as a function 
of the ripple in decibels, for pairs, triples, and quadruples 


Number of tubes, n 


Ripple, db n = 2 (pairs) n = 8 (triples) n = 4 (quadruples) 
tanh a GBF tanh a GBF tanh a GBF 
0.01 0.953 1.025 0.846 1.080 0.731 1.155 
0.03 0.920 1.040 0.786 1.120 0.662 1.202 
0.05 0.898 1.050 0.750 1.140 0.623 1.230 
0.07 0.880 1.060 0.725 1.160 0.597 1.251 
0.10 0.859 1.070 0.696 1.182 0.567 1.275 
0.20 0.806 1.100 0.631 1.230 0.505 1.325 
0.30 0.767 1.120 0.588 1.265 0.467 1.355 
0.40 0.736 1.135 0.556 1.290 0.439 1.380 
0.50 0.709 1.150 0.524 1.320 0.416 1.410 


this inevitably produce helpful graphs, tables, nomograms, and the like, to 
shorten the time required for numerical designs. 

Design Example. It is instructive to carry through an example, espe- 
cially to show how certain graphical aids can be devised and put to use. 

Suppose that in a given system there is needed a bandpass amplifier to 
provide a gain (voltage amplification) of 60 db with a bandwidth of 7 Me. 
The center frequency is of no consequence in the initial phases of the design 
procedure and in fact is needed only when one comes to calculate the inter- 
stage inductances. Also assume that system considerations, such as reduc- 
ing the number of tube types, limit the available tubes to the 6AK5 and 
6AH6. Measurements on the wiring situation in which the tubes will be 


1R. C. Wittenberg, Broad-banding by Stagger Tuning, Electronics, vol. 25, pp. 
118-121, February, 1952; E. R. Jenkins, Stagger Gain Calculator, Tele-Tech, vol. 9, 
p. 29, April, 1950; B. A. Wightman, A Graphical Method for Determining the Number 
and Order (N) of N-uples in Stagger Tuned Amplifier Design, Natl. Research Council 
Can. Rept. ERA-212, December, 1951. 

The basic work of Wallman is usually quite adequate for the maximally flat case; in 
particular, chaps. 4 and 8 in the book “Vacuum Tube Amplifiers” (Valley and Wallman, 
op. cit.) contain many practical details. For the equal-ripple case, the papers by Baum 
(op. cit.) and by Wittenberg may prove useful. 
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mounted show that a total interstage wiring capacitance of 5 pf can be ex- 
pected. 

The design questions which we shall answer here are: (1) Which tube 
should be used? (2) Which combinations of single-tuned stages will meet 
the gain-bandwidth requirements? (3) Which will require the fewest tubes? 
(4) Which will give the best selectivity ratio? 

Choice of Tube. Shown in Fig. 10-8 is a plot of Eq. (7-7) for a number of 
currently used tubes, including the two allowable types for the example at 


Ey! ma/volt or millimhos 


Fig. 10-8 Chart for tube selection. (Mach tube should be displaced vertically by the 
amount of the interstage wiring capacity.) 


hand. The points on the graph do not include wiring capacitance, how- 
ever; so each of the two must be translated upward by 5 pf. Because of 
the logarithmic capacitance scale, the 6AH6 is displaced the least and hence 
proves to be the best choice. The actual interstage capacitance is further 
increased by the change in input capacitance occurring when plate current 
flows in the tube, as noted in Sec. 2-5. The output capacitance is for all 
practical purposes unchanged by varying the operating point. Table 10-7 
gives the tube-manual value of Cin, together with the measured value with 
the tube cold (heater off) and the measured value at normal plate current. 
(The values are measured on a small number of tubes.) Note that the 
tube-manual values are in general 30 to 50 per cent too low. Thus the ac- 
tual gain-bandwidth for the 6AH6 with this wiring capacitance is 72 Me. 
Choice of Stagger Combinations. The gain-bandwidth performance can 
be displayed conveniently in the graphical presentation devised by Wight- 
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Table 10-7. Comparison of Cold Input Capacitance and the 
Normal Operating Capacitance for Typical Tubes 


Tube Measured Cin Measured Cin % 
(cold) (at normal /;) change 

5654 4.1 (4) 5.3 +29 

(6AK5) 
6AH6V 9.8 (10) 12.8 +31 
6AU6 5.8 (5.5) 8.7 +50 
6EW6 9.9 (10) 14.2 +43 
6BA6 5.8 (5.5) 7.7 +33 
6AG5 6.5 (6.6) 8.5 +31 
E180F (7.5) (11.1) +48 

(6688) 


Notzs: Values in parentheses are from tube manual. 
The measured values shown were obtained at 1 Mc and do not represent the average 
of a large number of tubes. 


man, as shown in Fig. 10-9. Note the similarity of construction to Fig. 
6-16. The curves are a plot of the gain-bandwidth factor relationships 
[see Eq. (7-16)], 

B 


9m/2eC 


The “normalized bandwidth” is obtained by taking the actual over-all 
bandwidth required of the amplifier (7 Me, in our example) and dividing it 
by the gm/2rC of the tube, which including wiring capacitance equals 
72 Me. Thus, for the example at hand, the normalized bandwidth is 
749, or about 0.097. All curves in Fig. 10-9 which cross the vertical line 
through 0.097 at a level of 60 db or greater will meet the requirements. 
The lowest of these are: 


20 log A, = db gain = —20n log + 20nlog GBF (10-6) 


5 X 1 (five identical stages) 

1 X 3 (one staggered triple; three tubes) 

2 X 2 (two staggered pairs; four tubes) 

1 X 4 (one staggered quadruple; four tubes) 


Fewest Tubes. It is evident that the staggered triple requires the fewest 
tubes. This may not be the practical answer, however. System require- 
ments may favor the better selectivity ratio of the 2 X 2 or 1 X 4 in spite 
of the extra tube (see below). Also, practical consideration of the variability 
of tube characteristics may call for a margin of safety, thus favoring the 
other combinations. 
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Fig. 10-9 Gain-bandwidth chart for single-tuned stages. (n-uples are maximally flat.) 
[From B. A. Wightman, A Graphical Method for Determining the Number and Order (n) 
of n-uples in Stagger Tuned Amplifier Design, Natl. Research Council Can., Rept. ERA-212, 
December, 1951.] 


Selecttity Ratio. The selectivity ratio for a cascade of identical stages has 
already been given in Eq. (7-20) and for the maximally flat function 
corresponding to a single n-uple in Eq. (9-5). For a cascade of m identical 
n-uples, the selectivity ratio is 


(10°)1/" _ ‘ 1/2n 


Selectivity ratio = betes 


(10-7) 
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Selectivity Ratio 


mxn 


m=No. of n-uples 
n =No. of stages per n-uple 


2 


Fig. 10-10 Selectivity ratio of stagger-tuned stages. 


It is instructive to display these relationships graphically, as in Fig. 10-10, 
which permits one to see quickly the relative merits of various combinations. 
For the example at hand, the selectivity ratios for the three alternatives 


are: - f 
mxXxn Selectivity ratio 


1X3 8.4 
5x1 7.0 
2x2 5.7 
1x4 4.9 


System requirements will have to govern the choice here. It would appear 
that, in going to four tubes, one might as well use the 1 X 4 combination 
and achieve the better selectivity ratio and higher gain. Here again, how- 
ever, the system situation might favor the 2 X 2, since it has only two 
different interstage types to manufacture and to align. 


PROBLEMS 


10-1. The following questions pertain to a staggered triple composed of three cas- 
caded single-tuned circuits (stages) arranged to give a maximally flat amplitude response. 
Assume that the bandwidth B, is sufficiently small compared with the center frequency 
wy so that the narrow-band approximation may be used. 
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a. In terms of gm/C and B,, how much gain and phase shift are provided by each 
stage at wo? (Note that wo is the over-all center frequency.) 

b. What is the maximum gain of each stage, and at what frequency does it occur? 

c. What are the bandwidth and Q of each stage? 

d. Suppose that the g, of the center stage falls to one-half of its normal value. Why 
does this not result in a dip in the center of the response curve? 

e. Show that, for small fractional bandwidths, the wideband transformation becomes 
approximately p = 2(s — joo). In terms of p, gm/C, and B,, write the gain function 
A(p) for the over-all triple. 

10-2. Derive the relationship which gives the gain-bandwidth factor of a stagger-tuned 
pair and triple for the equal-ripple case. The expression should be a function of tanh a. 
Check your expression with Table 10-6 by calculating the GBF for a ripple of 0.1 db. 

10-3. Engineer Jones (a fictitious character!) 
hears about stagger tuning and the benefits it ho 
produces in giving a flat passband. He decides ig 
to try it “on his own” and reasons that one i 
should take several single-tuned stages of equal 1 
bandwidth and space them in frequency at equal 
intervals. He tries the scheme with three stages. B Ignore zeros 

I and conjugate 
x 

B 

i! 


a 
Now it turns out that his choice of bandwidth 
Wo poles 


and frequency separation places the poles of the 

over-all gain function as shown in Fig. P10-3. 

(Jones is, of course, blissfully unaware of this.) 8 =2a 
He finds that his amplitude-response curve has 

a pronounced peak near the frequency of the 

center stage; so he reasons that the center stage 

has too much gain. This he corrects by reduc- Fig. P10-3 

ing the tube gm of this stage, but the solution 

does not work. Why not? By graphical means compute the gain curve that Jones 
obtained. 

10-4. This is a typical design problem which may be solved in the main by use of the 
design charts in the chapter. 

a. Suppose that the tubes available for a given amplifier are limited to the 6AK5, 
6CB6, or GAH6. Choose the tube which will give the best gain-bandwidth product if 
the stage wiring capacitance is 5 pf. Use the chosen tube for the following parts of 
the problem. 

b. The tube having been chosen, the next problem is to choose a type and number of 
interstage networks to meet the following requirements: gain 2 80 db; bandwidth = 7 
Me. Which arrangement of single-tuned stages will meet these requirements with the 
fewest tubes? 

c. Which of the ‘“fewest-tube’”’ arrangements gives the best selectivity ratio? 

d. Which of the possible arrangements might be the best engineering compromise? 

10-5. Find the gain-bandwidth factor and the selectivity ratio for two single-tuned 
stages tuned to give a maximally flat delay characteristic. (Narrow-band conditions may 
be assumed to prevail.) 

10-6. An amplifier using 6 W6 tubes (with 6 pf of stray interstage capacitance) is to 
be built to give a very flat passband for telephone repeater work. Assume a band 5 Me 
wide which inust have a gain variation of no more than 0.5 db. The amplifier is to be 
made as a quadruple (1.e., four staggered stages). Compare the over-all gains obtainable 
from two amplifiers which would meet these specifications. The first is maximally flat 
with a 0.5-db bandwidth of 5 Mc. The second is an equal-ripple type with a 0.5-db 
ripple and a “ripple approximation band” of 5 Mc (see Fig. 9-10; the approximation band 


240 Staccer TuNING [CHap. 10 


referred to is Bi). Assume for simplicity that the capacitances on all stages including 
the last are equal. 

10-7. An amplifier is to be a pair of stages tuned to give a maximally flat response. 
The lower band-edge frequency (where the relative gain is —3 db) is to be w = 3 
radians/sec. The upper band edge is at w = 20 radians/sec. 

a. What is the “center” frequency wo where the gain is maximum? 

b. Where are the poles and zeros of the gain function of the resulting amplifier? 
(Find by using the lowpass-to-bandpass transformation.) 

c. What are the center frequency and bandwidth of each stage? Check your results 
by use of either Table 10-2 or Fig. 10-4. 

10-8. An amplifier using single-tuned interstages is to be designed to give an equal- 
ripple response. Four stagger-tuned stages are to be used to produce a 3-Mc bandwidth 
(3 db) centered at 60 Mc with a ripple of 0.1 db. Assume that the tubes have a total 
capacitance (Cout + Cin + Cw) of 15 pf and a g» of 5,000 umhos. 

a. Compute the pole positions which are to be realized by the interstage networks. 

b. What is the gain of the amplifier at 60 Mc? 

c. What is the bandwidth over which the 0.1-db tolerance is maintained? 

d. In decibels what is the increase in gain afforded by the equal-ripple case compared 
with a maximally flat amplifier of the same 3-db bandwidth? 

10-9. A two-stage amplifier with linear-phase characteristics is desired. Single-tuned 
circuits are to be used. 

a, Assume that the over-all bandwidth is 10 Mc with a center frequency of 20 Me. 
What are the stage resonant frequencies, and what is the Q of each stage? 

b. What are the element values for each stage if C = 15 pf and g,, = 5,000 »mhos? 

c. What is the over-all gain at 20 Mc? 


ll 
The Double-tuned Interstage 


In this chapter will be presented the double-tuned circuit as an alternative 
means of realizing amplifier gain functions, in contrast to the single-tuned 
interstage network employed thus far. Nothing will be added to the ap- 
proximation problem: maximally flat and equal-ripple responses are still 
our most useful approximations to constant gain in the passband. We 
know what sort of complex gain functions will produce these responses, i.e., 
poles on a circle or on an ellipse, respectively. The task then is to find 
what sort of pole-zero arrangement comes out of the double-tuned circuit 
and how the pole coordinates are related to the circuit parameters. 

The double-tuned circuit, sometimes called transformer coupling, is a 
logical extension from the single-tuned circuit. It represents the general 
process of adding more circuit complexity in exchange for improved per- 
formance. The improvement is of two kinds: a better gain-bandwidth 
factor and better selectivity, better in that one stage provides a two-pole 
response, instead of a one-pole as with the single-tuned stage. 

There are several equivalent forms of the double-tuned circuit, illustrated 
in Fig. 11-1, the most common being the inductive coupling and the pi 
equivalent. 

We shall confine the analytical discussion to the inductively coupled 
arrangement, specified by the primary inductance Ly, the secondary induct- 
ance Le, and a coupling coefficient k, defined in the conventional way as 


M 


k= Te (11-1) 


The other forms of coupled circuit give identical performance if the follow- 
241 
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ing equivalences are observed. For the pi equivalent 


L,L, — M? LL, — M? LL, — M? 
Dg M EM cae AS 
where M is the mutual inductance between the two coils L; and Le. For 
the autotransformer the inductances L; and Lz are the open-circuit induct- 


(0) 


Le 

Ly} 

idee > E> 
(c) 


Fig. 11-1 Forms of an inductively coupled double-tuned interstage. (a) Inductive. 
(b) Pi equivalent. (c) Autotransformer equivalent. 


M=L,4+Mas 


ances—i.e., the values measured with the opposite side of the transformer 
open-circuited. The equivalences are given in the figure. Note that a 
higher mutual inductance can be obtained for the autotransformer because 
the effective M is aided by the inductance of the lower coil, Lz. 

We can further define primary and secondary resonant frequencies and 
Q’s. These quantities are merely definitions and are not observable re- 
sonant frequencies unless k — 0. 


1 
A 
PE. TRC 
(11-2) 
A 1 


Oo NIT CS 
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Q 


(11-3) 


Wola 


We are interested in the gain of the double-tuned amplifier stage, namely, 
V2/V; as a function of the complex variable p. This function can be 
obtained by direct analysis of the circuits of Fig. 11-1 with the following 
form of result: 


KG ae So UE id (11-4) 
Vi (—)VCiCy pt + Ap? + Bo? + Co + D 
where pees + = C= arin (1 aie =) 
Qn Qe Qo(1l — k?) iQ) 
W102 wy” + we @47w9” 
= 0,0. Lae “1_-# 


We can see at once from Eq. (11-4) that there is one zero (at the origin) 
and four poles. In the cases of practical interest, the poles will appear in 
conjugate pairs, as depicted in Fig. 11-2. This figure suggests that the 
double-tuned circuit will be similar in its gain function to a pair of single- 
tuned circuits in cascade, with the exception (an important exception in the 
wideband case) that the latter would have two zeros at the origin instead 
of one. 

There are several cases of practical importance, which we subdivide first 
into the narrow-band and wideband situations. Let us concentrate on the 
narrow-band case first. As before, we distinguish the narrow-band case by 
ignoring the conjugate poles (third quadrant) and any zeros at the origin. 
Thus Fig. 11-2 becomes Fig. 11-3. 


te he 


P, x 


Fig. 11-2 Pole positions for the inter- Fig. 11-3 Narrow-band approximation of 
stages of Fig. 11-1. Fig. 11-2. 
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Next we consider two cases: (1) equal Q, that is, Q@; = Qo, and (2) one 
Q infinite, for example, Q; = ©. Because the denominator of Eq. (11-4) is 
a polynominal of fourth power, we cannot follow our usual procedure of 
factoring the denominator in general terms and then placing the resulting 
poles at the desired positions. Instead, to obtain a solution in closed form, 
we shall arbitrarily pick a set of pole positions which can be realized by a 
fourth-degree polynomial, form the polynomial giving the set of pole posi- 
tions, and then equate the coefficients of like powers in that polynomial and 
Eq. (11-4). For either maximally flat or equal-ripple gain functions, the 
poles p; and p2 in Fig. 11-3 should have equal damping (equal oc); hence 
let us assume the poles are located at 


a= -—otijQy 
pz = —o +i 


Let us further assume that the natural resonant frequencies of the trans- 


former are equal; that is, w; = w2 = 1/~/L,C, = 1/WLeC>. The 
latter assumption may seem unduly restrictive, but even with the restric- 
tions on w and Q there are sufficient degrees of freedom left to realize the 
narrow-band case. The gain function for the assumed pole positions is 


Pp 


A Se ee 8 ee 
®) (p +o + 5%) (p + o — J21)(p + & + J22)(p + o — JQ) 


Dp 
~ pt + p§(40) + p2(6o? + 2? + 2?) + p(4o* + 202? 
+ 20M”) + (o? + 217)(o? + 22”) 


Now the coefficients of Eqs. (11-4) and (11-5) may be equated and the 
above assumptions included. (Let w; = we = w.) 


(11-5) 


2 
ee ee (11-6) 
Q 
wo” 29” 2 2 2 
Bo ee + 21° + M% (11-7) 
Quo? 
C = ———— = 40° + 200)? + 200,” 11-8 
ee) a + 200)" + 2M. ( ) 
a aot (0? oo) oy (11-9) 


1—1* 
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These equations may now be solved for the pole positions in terms of the 
actual element values. 


dt) 


= 11-10 
=D (11-10) 
er ees (11-11) 

bE A Tk. ae : 
eee tyes (11-12) 
OO NT Lk 4Q : 


Up to this point no assumptions have been made restricting the solution 
to narrow-band, although the pole positions have been chosen with the 
narrow-band situation in mind. The solution may be considerably sim- 
plified at this point by noting that in a narrow-band case Q will be high 
and k will be small. Hence, for Q > 5 and k? <1, Eqs. (11-11) and (11-12) 
may be approximated by 


1 k 
Qy, VM SS + — eS Ht (125) 11-13 
1, “42 w Jit Oo 9 ( ) 


Therefore the gain function in the narrow-band case may be written in 
the following simplified form: 


Imlcwo 1 


A 2 oe ee ee as 
OE T/C @ = PG =a 


(11-14) 


Pi, P2 = = + jwo ( a | Q=Q=Q k<«K1 (11-15) 
2Q 2 

The constant in Eq. (11-14) is modified by the effects of the neglected 
poles in the lower half plane and the zero at the origin [cf. the derivation of 
Eq. (8-6)}. 

The locations of the poles are shown in Fig. 11-4. Notice that, if k = 0, 
the two poles are superimposed at — (wo/2Q) + jwo; then, as k is increased, 
the poles separate in the vertical direction but maintain the same distance 
from the jw axis. This increasing separation increases also the bandwidth 
(although the passband shape will vary); hence larger k is associated with 
larger bandwidths. Or, conversely, narrow bands require only small &k, 
which is the justification for the assumption in Eq. (11-13) that k? « 1. 

We now have control over the pole locations in terms of the circuit param- 
eters wo, k, and Q. It is hence a straightforward task to synthesize a 
maximally flat or equal-ripple response. For instance, Fig. 11-5 illustrates 
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the condition for maximal flatness with one double-tuned amplifier stage, 
i.e., two poles. 
From Fig. 11-5 the following relationships can be seen: 


ko ow 

chad = oak (11-16) 
2 2Q 

wp cireleradius B,/2 ay 

200. V2—~«‘WV'8d a 

k : (11-18) 

or = - 

Q 
1 B, 1B 


ee B, in radians/sec, Bin cps _ (11-19) 


The relationships in Eq. (11-19) are definitive for maximal flatness and 
are the ones usually found in the handbooks for the proper adjustment of a 
double-tuned circuit. The coupling coefficient k, so defined, is sometimes 
known as “critical,” or ‘transitional,’ coupling, since it is the crossover 
value between a single-peaked and double-peaked amplitude response. 


1 1 
Critical coupling k, 4 V0.0, = 0 (11-184) 
12 


| J AN B, 
ia [ae ee 
wok | i eee ee \}@o 

\ 


Fig. 11-4 Pole positions for a stage with Fig. 11-5 Pole coordinates for a maxi- 
Qi = Qe. mally flat stage with Qi = Qo. 
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The equal-ripple response could be similarly realized by increasing the Q 
in Fig. 11-5 to move the poles horizontally onto an ellipse of the proper 
minor diameter to yield the desired ripple magnitude. 

Now that it has been shown that a desired amplitude response can be 
realized, what about the gain-bandwidth factor? If one takes the value of k 
defined by Tq. (11-19) and uses it in Eq. (11-14) to solve for the gain at 
band center (p = jwo) and multiplies this by the bandwidth B (in cycles 
per second), which is the circle diameter B, divided by 27, the following 
obtains: 

k Im 
[A Gao) |B = 5S et v2 (11-20) 


This is the gain-bandwidth product, and it contains a term dependent 
mainly upon the tube, namely, gm/2r(2*/C,C2). This quantity cor- 
responds to gm/2m(C, +.C2), which was the gain-bandwidth product of 
the single-tuned stage, and is very closely the same unless C, is very 
different from C, (the difference is only 6 per cent for a 2:1 ratio). The new 
form of this factor is indeed the gain-bandwidth product for the single- 
tuned circuit if an ideal transformer is included. The important fact is that 
the double-tuned circuit, with equal primary and secondary Q, is better by 
(at least) 1/2, and hence the gain-bandwidth factor of the circuit is ~/2. 
(Note that the GBF will be even larger for the equal-ripple case.) 

The next case of interest is that in which one of the Q’s is infinite. This 
condition can only be approximated in practice, since the primary is always 
loaded by the plate resistance of one tube and the secondary by the input 
conductance of the other. Both primary and secondary have inevitable 
circuit losses. Nevertheless, in wideband applications the required Q is so 
low that, in contrast, the unloaded Q of either primary or secondary 
(primary in particular, at high frequencies) will be so large in proportion 
that the results predicted by assuming this Q to be infinite are approximated 
quite closely. 

Again we assume the narrow-band conditions to prevail. The gain func- 
tion [Eq. (11-14)] is the correct one, except that the factors of the denomina- 
tor polynomial, i.e., the poles, will be different. They are 


ne [rad ey 
Pi, P2 = 40, Jao 3 c 30, (11-21) 


Q,=0 <1 


A graphical plot of the pole location for three particular values of k will 
make evident the differences between this and the equal-Q case. Thus it is 
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seen in Fig. 11-6 that, as k is increased from zero, the poles move together 
horizontally, then separate vertically. A particular case is that for maximal 
flatness, illustrated in Fig. 11-7. 


wok wo 
pain 7 ates 11-22 
- V2 io: (11-22) 
wok ‘ . B, 
— = circle radius = — (11-23) 
2 2 
‘ 1 
~ V2Q5 
B, 3 
= — radians/sec 
ot) 
B 
pune eps (11-24) 
fo 


The gain-bandwidth factor for this case can be found in the same way as 
for the equal-Q case, namely, by substitution of the pole coordinates from 
Fig. 11-7 into the gain function [Eq. (11-14)] to obtain the midband gain 
and then by multiplying this by the bandwidth. The result is that the gain- 
bandwidth factor when one Q is infinite is 2.0, instead of ~/2 for equal Q’s. 

The fact that the case of Q, = ~ is 1/2 times better in gain-bandwidth 
can be detected immediately by a comparison of Figs. 11-5 and 11-7. 
Suppose that we assume the circles to be the same size in both figures, thus 


te he fe 


| wok 
l | | 2 
Ses ene “0 Set ese 80 Soe NO 
P+ P,l | 
2o te 20. weg 0. 
be 4Q2 | 4Q, [wok 
| 2 


| 
i | v 
| | Px 0. 
(2) (0) (c) 4Q, 
Fig. 11-6 Pole positions as k is changed (Qi = ~). (a2) k =0. (6) & =1/2Q2. (ce) 
k > 1/2Q2. 
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giving the same bandwidth for both cases. The 
gain function [Eq. (11-14)] will have the same value 
for the fraction involving p and will differ between 
the two cases only in the value of & in the scale 
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factor. Comparing the two figures reveals that k 


= 
a“ 
fo 
7 40; 
/ k 
co) 
2 


ot #0, B, 
is ~/2 times larger in the case of Q, = », and H 
hence its gain-bandwidth factor must be larger in { Wo 
the same proportion. \ y 
7 45° 


Note that, in the Q; = © case, moving the poles \  , 
toward the jw axis to achieve an equal-ripple re- 
sponse (Sec. 9-3) decreases the value of k as well Se 
as bringing the poles closer to the jw axis. Hence 
the GBF for equal ripple is increased less than for 
the Qi = Qe case, for the same ripple. 

11-1 Cascading of Stages. When maxi- 
mally flat, double-tuned stages are used in cascade, 
the bandwidth narrows. The narrowing factor is 
the same for any two-pole stages and hence must be the same as for stag- 
gered pairs, namely, the factor obtained from Eq. (10-3) for n = 2, 


Fig. 11-7 Pole coordi- 
nates for a maximally 
flat stage with Q; = ~. 


Bandwidth of m stages 


= (Qlim _ 1)% (11-25) 


Bandwidth of one stage 

The gain-bandwidth factor for m stages is the value of Eq. (11-25) multi- 
plied by either +/2 or 2, depending on whether Q, = Q2 or Q; = ~. 

11-2 Stagger Damping. The term “stagger 

ho damping”’ was coined, apparently by Wallman, to 


Sy describe a form of stagger tuning using double-tuned 

| circuits (Q; = ©) in the narrow-band situation. 

/ \ The technique permits the synthesis of 2m-pole, 

P, Ve ‘ maximally fiat responses with m double-tuned stages 

il = aie in cascade. The stages are tuned identically (that 

| @ 18, @| = we = wo) and have equal k’s. The stag- 

| Be gering is accomplished by varying the stage damp- 
ee / ing. 

aN | / The basic principle of stagger damping can be 

\ | / demonstrated readily by means of Fig. 11-8, which 

Se shows a two-stage example. The four poles are 

‘| shown in the proper positions to yield a maximally 

flat amplitude response of bandwidth B,. Two of 

Fig. 11-8 Pole posi- the poles, p; and po, are assigned to one double- 


tions for a maximally 
flat  stagger-damped 
amplifier (two stages) 


(Qi = *). 


tuned stage. The required k and Q for this stage 
are computed from Eq. (11-14) or (11-21). The 
other two poles, pg and p4, are assigned to the second 
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stage. Since the radial distance is the same, the k for each stage will be the 
same and the GBF for the set of m stages will be 2.0. If stages with 
Q1 = Qe are used, the value of both k and Q will vary from stage to stage 
and computation of the GBF must take into account the different values 
of & since it appears in the constant multiplying Eq. (11-14). The resulting 
curves of stage gain vs. frequency are shown in Fig. 11-9. 

The technique is obviously not limited to the four-pole case. Any even 
number (2m) of poles can be used, each pair corresponding to one double- 
tuned stage. The practical limits are excessive Q’s and extreme precision of 
adjustment for the higher-order cases. 


Gain 


Poles p, and p, 


Wo —— 
w 


Fig. 11-9 Response of each stage corresponding to the pole positions of Fig. 11-8. 


11-3 The Wideband Case. In the wideband situation, account must 
be taken of the zeros at the origin and the conjugate poles in the third 
quadrant. When these are brought into consideration, it is evident that the 
circular locus for the poles to give maximal flatness must be ‘“‘warped”’ to 
counteract—in terms of the potential analogy—the additional charges. 

The same technique of conformal mapping, or transformation of variable, 
can be used as in the case of single-tuned circuits. The details of the trans- 
formation must be slightly different, however, because with double-tuned 
circuits there is only one zero at the origin for each pair of poles in the 
second quadrant. The proper transformation for the inductively coupled 
double-tuned circuit to give a maximally flat amplitude response is given 
by Eq. (11-26) and illustrated by Fig. 11-10. 


1 
p= (« + 5) (11-26) 
& 


Several features of the wideband situation can be observed from Fig. 
11-10. The pole locations have been drawn to scale and the center frequency 
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properly placed, corresponding to the frequency of maximum response. 
The 3-db band “edges” are the two points where the pole locus intersects 
the jw axis, as before. The upper 3-db frequency is six times the lower one, 
thus indicating genuine wideband conditions. 

The center frequency wo is very closely the arithmetic mean of the upper 
and lower 3-db frequencies. In other words, the response curve will be 
arithmetically symmetrical, even for bandwidths as large as that illustrated 
(which, by the way, could be described by 6 = B/fy = 1.43). Moreover, 


Ae sig 
| en | Stage 1 
| 


Fig. 11-10 Pole positions for the wideband case. 


for bandwidths less than the one illustrated, the pole locus is very closely a 
circle. The proper interpretation of this situation, in terms of the potential 
analogy, is that the single negative charge at the origin (for each circuit) is 
about right to compensate for the two positive charges at a greater distance 
in the third quadrant. In the single-tuned case there would be two negative 
charges at the origin for each pair of positive charges, and this would 
excessively depress the potential near the origin, requiring a greater dis- 
tortion of the circular locus to compensate. 

The transformation given in Eq. (11-26) will not work for the equal-ripple 
response. The poles must be symmetrically situated about a circular locus 
in the p plane in order to yield a physically realizable pole set in the s plane. 
Hence, the elliptical locus required for equal ripple is ruled out. A suitable 
transformation has been devised by Trautman and Aseltine;! it involves 
elliptic functions and is not easy to use. Their study shows, however, that 


1See D. L. Trautman and J. A. Aseltine, Equal-ripple Bandpass Amplifiers, Univ. 
Calif., Los Angeles, Dept. Eng. Rept. 51-9, August, 1951. 
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Phase the pole locations are very closely on 
an ellipse in the s plane, even up to 
large bandwidths as in the maximally 
flat case described above. The re- 
sponse has arithmetic symmetry (of 
amplitude), as illustrated for a typical 
case In Fig. 11-11. This arithmetic 
symmetry of the amplitude response 
may be of advantage with a modu- 
lated signal where upper and lower 
sidebands must receive equal ampli- 
fication. Notice, however, that the 
phase response is not arithmetically 
symmetrical about the center fre- 


-600° 


Fig. 11-11 Gain and phase response of 
a wideband equal-ripple double-tuned 
amplifier (three stages). quency. 

Thus we conclude that for most 


practical bandwidths, say 6 < 1.25, the pole locations for the inductively 
coupled double-tuned circuit can be determined with adequate accuracy 
by simply laying out a circle or an ellipse in the s plane, essentially treat- 
ing the problem as a narrow-band one. But, for bandwidths greater than 
perhaps 0.2, care must be taken in going from pole locations to circuit 
parameters. Some design charts have been published.! The results of the 
previous derivation of pole positions in terms of element values may be 
used if the final approximations are not used; i.e., the results of Eqs. 
(11-10) to (11-12) may be used. A similar process gives the tuning fre- 
quencies for the Q,; = © case. In an extremely wideband situation oj 
will not always equal o for the poles of one interstage; to obtain this, the 
restriction w; = we must be removed, and the result will be both staggered 
tuning and staggered damping. 

11-4 The Capacitance-coupled Circuit. The discussion up to now 
has been confined to the situation where the primary and secondary circuits 
were inductively coupled together, either with mutual inductance or with 
the pi or T equivalent (Fig. 11-1). There is an alternative case which is of 
both theoretical and practical interest. This case is called capacitive (or 
capacitance) coupling and is illustrated in Fig. 11-12. The only coupling 
from primary to secondary is through the capacitance C,,. A coupling 
coefficient can be defined for the network, analogous to the inductively 


1 Maximally flat only. For one circuit, see G. E. Valley, Jr., and H. Wallman (eds.), 
“Vacuum Tube Amplifiers” (vol. 18, M.I.T. Radiation Laboratory Series), pp. 219-220, 
McGraw-Hill Book Company, Inc., New York, 1948; for two and three stages, see 
M. M. MeWhorter, The Design, Physical Realization and Transient Response of Double- 
tuned Amplifiers of Arbitrary Bandwidth, Electronics Research Lab., Stanford, Tech. 
Rept. 58, February, 1953. 
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coupled circuit, 
a _ Cm 


k 11-27 
“GKGR (11-27) 


In terms of this coupling coefficient, the gain function for the capacitively 
coupled double-tuned circuit is comparable in form to that of the induc- 
tively coupled circuit, as in Eq. (11-4): 


p 


pt + ap? + bp? + cp +d 


The principal point of contrast with the inductively coupled case is that 
here there are three zeros at the origin, as indicated by p? in the numerator, 


A(p) = H (11-28) 


Fig. 11-12 Double-tuned capacitively coupled interstage. 


instead of only one in Eq. (11-4). This has a pronounced effect on the 
shape of the amplitude-response curve in the wideband case. 

First, however, in the narrow-band case, which we distinguish by ignoring 
the zeros at the origin and also the conjugate poles in the third quadrant 
(Fig. 11-13), there is essentially no difference between capacitance and 
inductance coupling. The variation of pole locations with k and Q, the 
gain-bandwidth factor, etc., are all the same in the narrow-band case. 

But, in the wideband case, matters are far from equivalent. Speaking in 
terms of the potential analogy, the three negative charges at the origin 


ih 


Wo 


(a) (0) 0 4, % @) or 


Fig. 11-13 Pole positions for a double- Fig. 11-14 Response of a double-tuned 
tuned capacitively coupled interstage. capacitively coupled interstage. 
(a) Wideband. (tl) Narrow band. 
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cause the potential on the low-frequency side to fall much more rapidly 
with frequency than it does on the high-frequency side of band center. The 
amplitude response thus appears as in Fig. 11-14. 

Moreover, the gain-bandwidth factor of the capacitance-coupled circuit 
is highly unfavorable in wideband situations. For comparison with the 
inductively coupled case, there are plotted in Fig. 11-15 the curves of 
gain-bandwidth factor for Q, = ©. 


Inductive coupling 


we me ee ee oe ¥3 


Capacitive coupling on mm ee es me eo) 


Gain bandwidth factor 


Relative bandwidth 


Fig. 11-15 Comparison of GBF for inductive and capacitive coupling. 


11-5 The Autotransformer. Another form of double-tuned inter- 
stage, which is really a special case of inductive coupling, is the autotrans- 
former shown in Fig. 11-le. While this scheme is well known at 60 eps, it 
has not received wide employment at radio frequencies. It nevertheless is 
quite applicable, and the design can be straightforward.'! It has particular 
advantage in wideband double-tuned amplifier stages with large bandwidth 
and large ratio C,/C2; in fact, it turns out conveniently that the auto- 
transformer is physically realizable in those regions of operating conditions 
where the pi equivalent is not (because of one or more negative elements) 2 

11-6 Selectivity Ratio. The selectivity ratio of one maximally flat 
double-tuned stage is the same as that of the maximally flat staggered 
pair. Similarly, the selectivity ratio of cascades of identical stages is the 
same as for cascades of pairs. Hence, both Eq. (10-3) and Fig. 10-10 apply, 
provided that one takes values only for n = 2. 

Stagger damping or stagger tuning in the wideband case can also be 
studied from Fig. 10-10. For a maximally flat pair of double-tuned stages 
take n = 4; for a maximally flat triple take n = 6; ete. 


1W. A. Edson, The Single-layer Solenoid as an RF Transformer, Proc. IRE, vol. 48, 
pp. 932-936, August, 1955. 

2M. M. McWhorter and J. M. Pettit, The Design of Stagger-tuned Double-tuned 
Amplifiers for Arbitrarily Large Bandwidth, Proc. IRE, vol. 43, pp. 923-931, August, 
1955. 
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PROBLEMS 


11-1. An amplifier using double-tuned stages with Q1 = ~ is to be designed. As an aid 
to the design, graphs similar to Fig. 10-9 are desired, but for double-tuned stages. 

a. On a single sheet of three-cycle semilogarithmic graph paper construct curves for 
one, two, and three identical stages; one, two, and three staggered pairs; and one 
staggered triple. [The normalized bandwidth will be B/ (gm/40+/C1C3).| 

b. Assume that the amplifier is to use a minimum number of tubes, gm = 5,000 »mhos, 
Cin = Cout = 5 pf, gain = 75 db (over-all), the over-all bandwidth is 5 X 10’ radians/sec, 
and the band center is w) = 10° radians/sec. Determine what amplifier configuration 
uses the minimum number of tubes, and find the stage tuning frequencies, Q’s, and k’s for 
each stage of the amplifier. 

J1-2. Derive Eq. (11-21) for the Q; = » case, using the same method as that outlined 
for the derivation of Eq. (11-13), the Q: = Qe case. 

11-3. A two-stage amplifier using identical double-tuned circuits (Q; = ~) is required. 
The amplifier is to be adjusted so that the over-all response has 0.5 db ripple (i.e., 20 
times the logarithm of the ratio of peak to valley gain is 0.5). 

a. What is the gain-bandwidth factor of the amplifier? (Assume that C, = C2.) 

b. Compare this amplifier with one using two identical single-tuned circuits adjusted 
to give the equal-ripple response specified above. Calculate the ratio of gains obtained for 
the same bandwidth, the ratio of bandwidths obtained for the same gain, and the 
selectivity ratios of the two amplifiers. 

c. A line representing this double-tuned amplifier can be drawn on Fig. 10-9. State 
clearly where this line should be drawn; i.e., give the slope and the intercept with the 
0-db axis. 

d. In terms of the fractional bandwidth (assume that this is small), find the values of 
k and Qe which should be used for each stage. 

11-4. Compare the gain-bandwidth factors for stages giving an equal-ripple response 
with 0.1 db ripple, but in one case having Qi = Qo and in the other case having Q, = 
Why is the percentage change in the gain-bandwidth factor from the corresponding 
GBF’s for maximally flat stages different in the two cases? 

11-5. Design the interstages for a two-stage stagger-damped amplifier using double- 
tuned circuits. The over-all bandwidth is to be 5 Me with a center frequency of 60 Mc. 
The response is to be equal ripple with 0.1 db ripple. 6AK5 tubes are to be used with 
capacitances of C; = 6.5 pf and Cy = 6 pf, and gm = 5,000 umhos. 

a. Make a table giving the values of w1, wo, In, Le, k, and Q for each stage. 

b. What is the gain of the two stages at w = wo? 

11-6. Determine the circuit parameters k and Q in terms of the over-all amplifier 
bandwidth and center frequency for the three stages of a stagger-damped double-tuned 
maximally flat amplifier. Assume that the bandwidth is less than 10 per cent of the center 
frequency and that the primary and secondary Q’s of each interstage are equal. Sketch 
the gain-frequency curve for each stage. (Do not calculate the curves, but wy to visualize 
them from the pole-zero diagram.) 

11-7. The gain-bandwidth factor for maximally flat stagger-damped double-tuned 
stages is the same as for a single maximally flat stage (ie., 2) if Qi = ». However, if 
Q, = Qo, then the GBF for the stagger-damped stages will not be equal to the GBF for a 
single maximally flat stage. Explain why this is true. Which will have the greater GBF, 
the single stage or the stagger-damped stages? 

11-8. A given amplifier is to have three stages and an over-all bandwidth of 10 Mc. 
The tubes to be used have a gain-bandwidth product of 100 Mc (with an allowance for 
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stray capacitances). Make a table giving the gain attainable in this amplifier if the 
following types of amplifier are used: 

a. Single-tuned, synchronously tuned stages 

». A single-tuned, maximally flat triple 

c. Double-tuned identical stages (Q1 = Qo) 

d, A double-tuned maximally flat stagger-damped triple (Q; = ©) 


12 
The Feedback Pair 


Among the available amplifier circuits for realizing a maximally flat or 
equal-ripple response, while at the same time providing a high gain- 
bandwidth factor, are a class of circuits employing feedback.'! The use of 
feedback is for the purpose of increasing the gain-bandwdith product with 
simple circuits, and not for the usual objective of high stability of gain. 
The amount of feedback introduced is usually too small to make any signifi- 
cant difference in stability. 

12-1 General Design Relations for a Feedback Pair. A very 
useful and indeed the simplest example of this kind of feedback amplifier is 
the “feedback pair,” illustrated in Fig. 12-1. Notice that either a bandpass 


G Cc G c Forms of Y, and Y2 


Lowpass Bandpass 
Fig. 12-1 Basic circuit of the feedback pair. 


1See G. E. Valley, Jr., and H. Wallman (eds.), “Vacuum Tube Amplifiers’ (vol. 18, 
M.LT. Radiation Laboratory Series), chap. 6, McGraw-Hill Book Company, Inc., New 
York, 1948; H. N. Beveridge, Broadband Feedback Amplifiers, TRE Conv. Record, pt. 
5, pp. 52-56, March, 1953. 
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or a lowpass amplifier can be produced by proper choice of Y; and Yo. The 
feedback path can, in general, contain a variety of networks, but for the 
case at hand it consists of only a resistor having a conductance G12, con- 
nected from the plate of the second tube back to the plate of the first tube 
(grid of second tube). 


: V2 Gm1(Gm2z — G12) 
Gain A(s) = — = 
Vs (Gia + Yi) (Gio + Yo) + Gre(Qme — Gi2) 


= Gmi(Gm2 — G2) 
Y,¥o+ Gio(¥i + Yo) + Giogme 


(12-1) 


A straightforward nodal analysis yields the gain function given in Eq. 
(12-1). Consider the bandpass case where 


1 
Y,=Y,=G46+sC + — 
sL 


-of-ro(s4) 


= G1 + Qp) (12-2) 


> 
a 
€ 
o 
> 
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Q 
I> 
~ 


where p=—+— Q=— and wo 


wo 8 G V LC 


Substituting these values for Y; and Y»2 into Eq. (12-1) gives for the gain 
in terms of the lowpass variable p 


Jm1 (9m2 = G2) 


A = 
2 p°G?Q? + p(2G?Q + 2G:2GQ) + G? + 24:24 + Giogme 


(12-3) 


This function has only poles in the finite part of the p plane; therefore we 
may arrange the poles as before to give a desired response. However, in- 
stead of then transforming the pole locations back into the s plane, we may, 
instead, discover the p-plane coordinates in terms of the element values 
G, L, C, ete. Thus we do not need to perform the reverse transformation 
since all the data we need will be present in the p plane. The poles of 
Eq. (12-3) lie at 


1 G+Gy. Gry ‘| ze2) 
=—(- Ee) 12-4 
Pi, Pe =( G G (12-4) 


—(G + Gio) Gio a 
= +j-— —1 12-5 
ae TON Gos ee 


Sec. 1] GENERAL DesiGN RELATIONS For A FEEDBACK Pain 259 


The pole locations are as shown in Fig. 12-2 if gm2 > Giz. These two poles 
produce four complex poles and a zero at the origin in the s plane, as shown 
in Fig. 12-3. If we wish a maximally flat response in the p and s planes, we 
place the poles so that the real and imaginary components are equal in the 


Fig. 12-2 Pole locations in the p plane. Fig. 12-3 Pole locations in the s plane 
corresponding to Fig. 12-2. 


p plane. The radial distance from the origin to the pole is then the normal- 
ized bandwidth, B,/wo. In terms of the pole coordinates, the bandwidth is 


Gy + G on ot? Si 
B, = V2.0 ——— ——— 1] 12-6 
ve a woC hae Gyo ( ) 


Solving Eq. (12-6) for the value of G,2 necessary to give the required 
bandwidth, we obtain 


” 2(B,C)? 
Gig = [! a A, = Z (12-7) 
JIm2 


The negative sign in Hq. (12-7) is usually taken, since larger gain results. 
For values of B,C/gm2 << 1 an approximate value for Giz. may be obtained 
by using the binomial expansion for the square foot, 


_ Ger BC 
29m2 Jm2 


«1 (12-8) 


The value of loading conductance G may be found from Eq. (12-6) also, 


B,C 
G= Wa — Gi (12-9) 


The values of L and C are such as to resonate at wo, of course. The result- 
ing amplifier will be a maximally flat bandpass amplifier with center fre- 
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quency wo and bandwidth B,. This has been obtained without ever dis- 
covering the s-plane pole locations. The response shape will be identical to 


a maximally flat stagger-tuned pair, but the gain-bandwidth PaotOr will be 
slightly less (see Sec. 12-3). 


{a 


p plane 


(c) 
Fig. 12-4 Pole positions of the feedback pair as gmz is varied. (a) gm2 = 0. (6) 


G+ G2)? 
Gna = Gy. (C) Gm = Gre + ee 2 
12 


(maximally flat). 

The gm of the second stage has an important effect upon the response 
shape; therefore gm2 may not be varied to control gain alone but may 
instead be varied to change the passband shape. The pole locations for 
different values of gm2 are shown in Fig. 12-4. Note from Eq. (12-3) that 
gain is produced even when gm = 0, as in Fig. 12-4a, but zero gain results 
for Oma = Gyo, as in Fig. 12-40. 

12-2 Bandwidth Switching. A unique feature of the feedback pair 
is the possibility of a two-position bandwidth switch, involving no modifica- 
tion of the high-frequency circuits but only a d-c change. The bias on the 
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second tube is switched between the conditions of normal plate current for 
the wipe and zero plate current for the NARROW positions. 

There are enough degrees of freedom in the circuit parameters ! to permit 
specification of: 

1. Maximally flat response in the WIDE position 

2. Bandwidth B, in the WIpDE position 

3. Ratio of gains between the two positions 

4. Ratio of bandwidths between the two positions 

General design equations are not available, but a large number of cases 
are presented by Valley and Wallman. As an example, a specification of a 
bandwidth ratio of 4:1, with equal gains in wipr and NARROW positions, 
leads to the following requirements for a given radian bandwidth B,: 


G G Gy: ae 
900-2 S107 Dab hg a Aaatana ec 
C C C C 


(12-10) 
For this example, the pole locations (in the p plane) prove to be as follows: 


WIDE ! 
(—0.707 + 30.707) Bw 


@0 


(—0.707 — 70.707) By 
wo 
NARROW 
—1.158B, 


8) 


—0.260B,, 


a9 


It is of interest to note that the design requirements specify the gm of the 
tube for a given capacitance C. This may mean operating at reduced gm in 
order to achieve the switching benefits. 

12-3 Gain-Bandwidth Factor. The feedback pair is similar to the 
staggered pair in many respects, including gain-bandwidth factor. This 
factor must always be slightly less than for the staggered pair, because of 
the equivalent reduction of the g,, of the second tube, as can be seen from 
the gmz — Gi2 term in the scale factor of Eq. (12-3). For the bandwidth- 
switching example just described, it turns out that the gain-bandwidth 
factor in the WIDE position is 0.88. 


1 The two load conductances G, and G2 cannot in general be identical as they are in 
Eq, (12-2). 
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12-4 Selectivity Ratio. This parameter depends upon the nature of 
the gain function, e.g., maximally flat, and not upon the circuit which 
produces it. Hence, a maximally flat feedback pair has the same selectivity 
ratio as a staggered pair or double-tuned stage. 


PROBLEMS 


12-1. Find an expression similar to Eq. (12-7) which gives the value of Gy. necessary 
to obtain a prescribed equal-ripple response. The expression should be a function of B,, 
C, Gm2, and tanh a. (For the latter see Chap. 9.) 

12-2. A feedback pair is desired which has a bandwidth B,, with tube 2 operating that 
is approximately five times the bandwidth B,, obtained with tube 2 off (g@mz = 0). The 
passband in the wIpE position is to be maximally flat. Assume that identical plate 
networks are used (that is, ¥y = Yo). 

a. Find the parameters G = G, = Go, G2, and gm2 in terms of B, and C. 

b. Find numerical values for the preceding parameters and the tuning inductors if 
By = 5 Me, fo = 15 Me, and C = 20 pf. 

c. Sketch the pole-zero diagram in the s plane which results when gm: = 0. 

12-3. A feedback pair is to have a bandwidth of 25 Mc and a center frequency of 60 
Me. The tubes to be employed are Mullard [:180F pentodes with the specifications given 
below. One power supply may be used with any desired value of voltage. Assume that 
the stray capacitance is 5 pf per stage. 


E; = 6.3 volts E.3 = 0 volt 
Ty = 0.3 amp E. = —1 volt 
Cin = 7.9 pf I. = 3.0 ma 
Cout = 2.9 pf Iy = 13 ma 
Cin = 11.2 pf Gm = 16.5 ma/volt 
(at Ip = 13 ma) Input damping = 6 kilohms 
Ey, = 190 volts (measured at 50 Mc) 


E.2 = 160 volts 


a. Give a complete schematic diagram of the resulting feedback pair, assuming that 
these stages are the third and fourth stages of an eight-stage amplifier. Include all 
components with typical or calculated values. (The bypass capacitors have no uniquely 
determinable value, but reference to the first part of Chap. 15 may prove useful in de- 
termining a reasonable value.) : 

b. Find the center-frequency gain and over-all bandwidth of four such feedback pairs. 

c. What is the approximate bandwidth of the pair if the plate current to the second 
tube is cut off? 


13 
Noise in Amplifier Circuits 


13-1 Cireuit Noise. In a broad sense “noise” could be defined as any 
current or voltage not the signal. Thus, if the “signal” is a single-frequency 
sine wave, any currents having frequency components at other than this 
frequency would be classed as noise. Hence an imperfectly filtered power 
supply might introduce harmonics of 60 cycles (hum) into the output; 
however, such spurious signals could always be removed by better filtering 
of the supply. Another form of such a signal, which cannot be removed by 
such filtering, is hum originating from the a-c operation of tube heaters. 
Even such noise could, in principle, be completely removed at the expense of 
ad-c heater supply. Other forms of noise which originate znside an amplifier 
and which can be reduced or eliminated by better environment include 
microphonic noises caused by tube-element vibration and in some cases the 
vibration of passive elements, particularly capacitors sustaining a d-c¢ volt- 
age. (Note that the transistor is superior in eliminating most of these 
mechanical noises.) 

Another type of noise, which is perhaps more troublesome, originates 
outside the amplifier. For example, static and interfering signals are, in the 
broad sense, both noise. These types of noise, however, are really a system 
problem in that decreasing the noise cannot be achieved by changing the 
amplifier itself (except by providing the proper band shape to pass the de- 
sired signal and reject as much interference as possible). 

The amplifier itself does introduce, however, a noise signal which deter- 
mines the ultimate limit to the sensitivity of a system when noise sources 
like the preceding have been eliminated. This noise, which is particularly 
troublesome in wideband high-gain amplifiers, has its origin in the input 
stages of the amplifier. The presence of this natural input noise sets a limit 
on the gain which can usefully be attained. If the gain of the amplifier is 
sufficient to produce a large noise signal in the output, then adding more 
gain may only cause the output to saturate on noise and will not increase the 
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sensitivity of the amplifier to weak signals. Indeed the signal-to-noise ratio 
in a high-gain amplifier is essentially independent of the gain of the amplifier 
and is determined primarily by the design of the input amplifier stage. 
(This assumes that those sources of noise which can be reduced in the ampli- 
fier have been made negligible.) 

The noise which will be discussed here is properly known as random noise, 
hereafter referred to simply as noise, and has its origin in the motion of 
electrons. In an electrical conductor at a temperature above absolute 
zero there is always thermal agitation that produces motion of the elec- 
trons; this motion manifests itself as a minute electric current which can 
be detected with sufficient amplification. The amount of noise can be 
forecast from theoretical consideration of the thermodynamics involved.! 
The name usually given to this noise is thermal noise. Because of the large 
number of charges in any conductor, moving at random with high velocities 
made possible by their small mass, the resulting currents are random in 
their amplitude and phase and contain all frequencies of any practical 
interest up to thousands of megacycles. Accordingly, it is not possible to 
describe the amount of noise by the usual quantities of amplitude of wave- 
form or of frequency component. Even a description of the frequency 
distribution, or power spectrum, tells little, for this spectrum is uniform for 
all practical frequencies. There is one useful quantity, however, which pro- 
vides a measure that can be compared with ordinary signal quantities, 
namely, the average power, or the mean square, of the current or voltage 
(or the rms) measured in a band of frequencies. 

The basic law for the amount of thermal noise that would appear as an 
open-circuit voltage across a conductor of resistance #, and summed as a 
mean square across a bandwidth B, is as follows: 


Mm? = 4kTBR volts? (13-1) 


where & = Boltzmann’s constant (1.37 X 10773 watt-sec/deg) 

T = absolute temperature, °K (°C + 273.1) 

B = noise bandwidth, cps 

R = resistance, ohms 

4kT = 1.6 X 107° for T = 293°K 

The noise equivalent circuit shown in Fig. 13-1 indicates the mean-square 
noise voltage v, in series with a noiseless resistor R. The Norton equivalent 
is also shown in Fig. 13-1 and has a current generator of mean-square value 


soneh ie i? = 4kTBG (13-1a) 


1 The experimental discovery is usually credited to J. B. Johnson, Thermal Agitation of 
Electricity in Conductors, Phys. Rev., vol. 32, p. 97, July, 1928; the first analysis is due 
to H. Nyquist, Thermal Agitation of Electronic Charge in Conductors, Phys. Rev., vol. 
32, p. 110, July, 1928. An excellent tutorial article on noise is given by J. R. Pierce, 
Physical Sources of Noise, Proc. JRE, vol. 44, p. 601, May, 1956. 
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Note that the available power from either representation is 
Pay = kTB (13-2) 


A sufficiently sensitive instrument responding to mean-square currents or 
voltages, such as a thermocouple or a bolometer, if preceded by a noise- 
free amplifier with bandwidth B and with an infinite input impedance, 
would give a reading proportional to Eq. (13-1). The resistance is assumed 
constant over the passband, which is 
assumed to have a rectangular shape 
of width B. 

Thermal noise sets an ultimate 
limit on how weak a signal one can 
amplify and perceive at the output 
of the amplifier. Such a signal will 
always originate in a source having 
an internal resistance, and hence the 
signal will be accompanied by noise. Even a perfect amplifier, introducing 
no additional noise, cannot reduce the thermal noise generated in the 
signal source. 

The practical fact is that the amplifier will introduce a certain amount of 
additional noise. It will be our purpose here to evaluate the amount of ad- 
ditional noise and later to see what can be done to minimize it. 

13-2 Tube Noise. The added noise in a vacuum-tube amplifier comes 
from the tubes, particularly the first stage. The electron stream in the tube 
is not a perfect fluid but consists of discrete particles. These particles, the 
electrons, arrive at the anode of the tube with random phase and combine 
to produce a spectrum of frequency components of current extending from 
d-c to extremely high frequencies—as high as are encountered in any 
electronic system. The spectrum is uniform up to frequencies at which 
transit time becomes important. The noise current can again be defined 
quantitatively by its mean-square value. 

There are three principal classes of tube noise occurring in conventional 
amplifier tubes. These are shot noise, partition noise, and induced grid 
noise. In any given amplifier the three contributions can be evaluated. 

Shot noise is the result of the random arrival of electrons at the anode of a 
tube. The simplest situation is that of a temperature-limited diode in which 
the mean-square noise current in a bandwidth B is} 


R oes 
in? = AKTBG G 
0,7 =AkTBR 


Fig. 13-1 Equivalent circuits for ther- 
mal noise. 


tn” = 2qTacB (13-3) 
where g = electron charge (1.60 X 107!% coulomb) 
Ig. = d-c component of diode current, amp 


1¥or transit-time correction, see D. B. Fraser, Noise Spectrum of Temperature- 
limited Diodes, Wireless Engr., vol. 26, pp. 129-181, April, 1949. 
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Temperature-limited operation is of little use in amplifiers, although a 
diode used in this manner provides a convenient noise source for measure- 
ment purposes. When tubes are space-charge-limited, the noise current is 
less and is usually expressed by the following relationship: 


in? = AKT BReqQm (13-4) 
2.5 ; 
where Reg = — triodes (13-5a) 
Ym 
‘ I, (= 20F, 2) ‘ea (13-50) 
eq = pentodes - 
Ty + Leg Jm Sin? 


where J, = d-c plate current, amp 
I.9 = d-e screen current, amp 
gm = grid-plate transconductance, mhos (use value appropriate to 
pentode or triode operation) 

The pentode case requires special explanation. The second of the two 
terms in Eq. (13-5b) for R.q is not truly shot noise but is due to partition 
noise. In apentode, as opposed to a diode or triode, the current leaving the 
cathode does not all go to the anode or plate. A portion goes to the screen 
grid, but not an absolutely constant portion. There is a small random vari- 
ation in the division, or “partition,” of the total current which introduces an 
additional set of noise components (partition noise) in the plate current. 

The custom of expressing shot and partition noise in terms of the equiva- 
lent noise resistor has arisen from the fact that, if the proper resistor 
generating thermal noise as given by Eq. (13-1) were connected between 
grid and cathode of a tube having a given gm but idealized by having no 
noise, there would be amplified thermal noise in the plate current exactly 
equal to the shot noise appearing in the actual tube. 

The final source of noise that is important in wideband amplifiers is 
called induced grid noise. The random flow of electrons in the tube current 
can induce currents in the grid circuit as the electrons pass the grid of the 
tube. The amount of this noise varies with frequency squared, as does 
the input conductance of the tube; hence the usual expression for induced 
grid noise is in terms of the input conductance as follows, 


in? = 5(4kTG,B) 


= mean-square noise in the grid (13-6) 
where G, = input conductance due to electron stream (not due to feedback 
such as grid-to-plate C or cathode circuit L) 
5 = empirical factor typical of oxide-cathode amplifier tubes 
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The several noise sources associated with the vacuum tube and its input 
circuit are shown in Fig. 13-2. The two generators in2” and ing” are caused 
by the tube; the generator 7,7 is due to the input-circuit conductance. The 


(a) ____ Input circuit te Pat 
ini@=thermal noise in  in2*=induced grid = 7,,32= shot and 
circuit resistance noise partition noise 
=4kTBG, = 5(4kKTBG,) =AKTBR,E, 


(0) 


Fig. 13-2 (a) Schematic representation of the noise sources in a vacuum tube (pentode 
or triode). (b) Equivalent circuit. 


bandwidth B is the noise bandwidth over which the noise is being observed 
and is often largely determined by subsequent circuits. 

For many situations it is more convenient to transform the noise genera- 
tor in the plate circuit over to the grid circuit so that all the noise-producing 
elements are in the same part of the circuit. This may be accomplished by 
dividing the current 7,3” by g»,”, giving an equivalent noise voltage at the 
grid which is the same as that produced by a resistor of value Reg. The 
result is shown in Fig. 13-3. (Note that the actual grid connection is shown 


ig2=4KTBG, ina” =5(4KTBG,) Uns AKTBR 


Fig. 13-3 Equivalent circuit for tube noise with the shot-noise generator transformed 
into an equivalent noisy resistor Meg. 
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to the left of Req and that the actual grid voltage is always 0, plus the noise 
voltage appearing across Req.) 

13-3 Transistor Noise. The noise in a transistor is produced by 
several processes. In the case of an NPN transistor,! these are (1) noise due 
to electrons going from emitter to collector, (2) noise due to electrons going 
from emitter to base, (3) noise due to electrons injected into the base and 
returning to the emitter, (4) noise due to electrons trapped in the emitter 
space-charge region and recombining with holes coming from the base, (5) 
noise due to electrons trapped in the emitter space-charge region and 


Fig. 13-4 An equivalent for the transistor including noise sources. (From E. G. Nielsen, 
Behavior of Noise Figure in Junction Transistors, Proc. IRE, vol. 45, pp. 957-963, July, 
1957.) 


returning to the emitter after being detrapped thermally, and (6) thermal 
noise due to the ohmic base resistance rj. 

At low frequencies, typically below a few kilocycles, an additional 
noise source due to surface-leakage effects becomes prominent. The noise 
typically varies approximately as 1/f and is usually called “excess noise’’ or 
simply ‘1/f noise.” 

The effect of all these noise sources may be represented by the addition of 
three noise generators to the T equivalent circuit. One current generator 
appears across the emitter Junction, and one appears across the collector 
junction. These two generators are partially correlated. The third gen- 
erator is a voltage generator in series with the ohmic base resistance and is 
uncorrelated with either of the current generators.?- Such a complicated 
equivalent circuit can be considerably simplified and still retain reason- 
able accuracy up to the alpha-cutoff frequency of the transistor. 

The simplified noise equivalent circuit given by Nielsen is shown in 
Fig. 13-4, in which the noise at the emitter is represented by a current 

1A. van der Ziel, Shot Noise in Transistors (letter), Proc. JRE, vol. 48, pp. 114-115, 
January, 1960; and A. van der Ziel and A. G. T. Becking, Theory of Junction Diode and 
Junetion Transistor Noise, Proc. 1H, vol. 46, pp. 589-594, March, 1958. 

2 A. van der Ziel, Shot Noise in Junction Diodes and Transistors, Proc. IRE, vol. 43, 
pp. 1639-1646, November, 1955. 
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generator of value 
i? = 2qIzB (13-7) 
where qg = electron charge 
In = d-c emitter current, amp 

This is a current generator giving full shot noise [ef. Eq. (13-3)] in parallel 
with the emitter resistance r; = kT/qIz. 

Across the collector junction another noise current generator appears 
which is assumed uncorrelated ! with the emitter noise generator. The value 
of the noise current produced by the collector generator is 


- ||? 
te. = 2qlc {1 —--——] B (13-8) 
a 
where Jc = d-c collector current, amp 
a = common-base current gain (a function of frequency) 


ay = a at zero frequency 
The collector current noise generator is not independent of frequency as the 
emitter current generator was assumed to be. At low frequencies 7,” is 
considerably less than full shot noise but increases with frequency since 
ja| is a decreasing function of frequency. 
The remaining noise generator, v4”, simply gives the thermal noise gen- 
erated in the ohmic base resistance, 


vy? = 4kTrB (13-9) 


The resulting equivalent circuit is the same as that shown in Fig. 2-8 
and in Fig. 2-20 with the addition of the equivalent noise generators. Note 
that the emitter capacitance 1/war; and the reverse transfer parameter 
Mec are being neglected. If a is approximated by the expression 


ao 


a= SS a (13-10 
1+ iin 
then Eq. (13-8) may be written in terms of frequency, 
f 2 
1+ GS) | B 
i? = 2Io(1 | VI = woe (13-11) 
ce = alc — ao - 
1+ (f/fa)” 
From Eq. (13-11) 7,” is seen to have a minimum value at low frequencies of 
i? = 2gIcB(1—a) f—-0 (13-12) 


1 The fact that the two generators are uncorrelated has the practical effect that the 
noise power, say at the output of the device, may be computed by calculating the power 
due to each noise generator separately and summing the two powers to obtain the true 
total power. 
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The magnitude of i2 as a function of frequency is shown in Fig. 13-5, in 
which 7,2 is seen to start i increasing at a frequency somewhat greater than 
the beta-cutoff frequency, (1 — apo)fa. 


flog i? 


Vi-af, fe 


Log f —> 
Fig. 13-5 Frequency dependence of the collector noise generator. 
For some applications the Thévenin equivalent of the noise generators is 


more convenient. Such a circuit as is shown in Fig. 13-6 has equivalent 
noise generators of the following values, 


vy? = 4kTrhB (13-9) 
ve = ier? = (Qa. a( ~~) = 2kTr:B (13-13) 
Tk ay 
v7 = IgIo(1 — ap) F(f)|Z,|?7B 
f 2 
iy nat Mize) 
wnere SS Se Ne ae 
1+ (f/fo)? 
7 1 
Ure + joCe 
—= 2 
vd = ee (1 — a) |Zel*BFY) (13-14) 
(assuming that I¢ = a ). 


Fig. 13-6 Thévenin equivalent of Fig. 13-4. 
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Using the representation of Fig. 13-4 or that of Fig. 13-6, we have a 
quite accurate equivalent circuit for analyzing the noise behavior from 
frequencies above a few hundred cycles up to the alpha-cutoff frequency. 

13-4 Calculation of Amplifier Noise Factor (Vacuum-tube 
Amplifier). The noise factor (or “noise figure’) is a measure of the relative 
magnitudes of signal and noise powers to be expected in the output of an 
amplifier compared with these same powers in the output of an “‘ideal 
noise-free’ amplifier. From a knowledge of the noise sources within an 


Fig. 13-7 Equivalent circuit of the input stage of a vacuum-tube amplifier. [Adapted 
from G. E. Valley, Jr., and H. Wallman (eds.), “Vacuum Tube Amplifiers” (vol. 18, 
M.I.T. Radiation Laboratory Series), pp. 682-694, McGraw-Hill Book Company, Inc., 
New York, 1948; and M,. T. Lebenbaum, Design Factors in Low-noise-figure Input Cir- 
cuits, Proc. IRE, vol. 38, pp. 75-80, January, 1950.] 


amplifier and the manner in which the signal and noise are amplified, we 
can make any desired calculations. 

Let us set out to evaluate how much signal and how much noise will be 
present in the output of an amplifier. The signal, of course, originates in the 
signal source connected to the input terminals, as does also a certain amount 
of thermal noise in the internal resistance of the source. In the first tube of 
the amplifier there is added some more noise: shot, partition, and induced 
grid noise. This first tube amplifies the signal and also any noise appearing 
in its grid circuit. In most cases the amplification is sufficient to make the 
amplified noise of the first tube much greater than the noise contributed 
by the second tube. We shall assume this to be the case in our initial 
analysis. 

The circuit to be considered is shown in Fig. 13-7, in which the tube is 
represented as shown in Fig. 13-3. For the example, a single-tuned circuit is 
shown in the grid of the first tube, although in some circumstances a double- 
tuned circuit would prove advantageous. We shall want to evaluate the 
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bandwidth of the circuit, because it 
may have to fit in the circuits of the 
other stages to provide stagger tun- 
ing. Then, in order to demonstrate 
the effects of matching (or mismatch- 
ing) the generator impedance to the in- 
Fig. 13-8 Circuit for computing the in- Put impedance of the amplifier, there 
put bandwidth. has been shown an ideal transformer 

in the circuit; this can be approxi- 
mated in practice by tapping down on the inductor L or by use of the 
double-tuned circuit already mentioned. 

The bandwidth of the input circuit can be readily computed by consider- 
ing the LC circuit and the loading represented by the sum of the conduct- 
ances. Notice that this bandwidth is merely that of the input circuit, not 
the over-all bandwidth B of the complete amplifier (several stages, usually) 
which determines the noise output. The equivalent input circuit is shown in 
Fig. 13-8, and the bandwidth B, of this circuit is expressed by Eq. (13-15). 


Includes losses in L 


G, + Gy + G, 
By = ———_—— 
2rC 
= 8 db bandwidth of input circuit only 


(13-15) 


The bandwidth B, can, in principle, be adjusted either by varying the 
transformation ratio m or by adding to the conductance G;. Before saying 
which is preferable, let us examine the noise situation. 

In order to combine all the noise sources directly, it is convenient to 
transform the voltage source vn3* to a current source in parallel with 
the other currents, as shown in Fig. 13-9. The value of this current genera- 
tor is 


ing? = Ung*(Gs + Gy + G,)? 
= 4kTBR.(G. + Gi + G,)” (13-16) 


We now have all the noise sources together, and with them the signal 
source, so that some manner of comparing them can now be chosen. 
Because of the added noise sources in the first tube, the output signal-to- 


Fig. 13-9 Equivalent circuit for the calculation of F. 
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noise ratio will be worse than at the input; therefore it would seem reason- 
able to compare the signal-to-noise ratio at the input of the amplifier with 
that at the output. If the input source is at the standard temperature of 
290°K (which approximates room temperature), the ratio of input signal- 
to-noise ratio to output signal-to-noise ratio is defined as the nozse factor. 

Since the noise is a measurable quantity only in a mean-square sense, let 
us take as our signal-to-noise ratio S/N the square of the signal current 
divided by the mean-square noise current. Then from the preceding defini- 
tion of noise factor we obtain 


Input S/N ratio = = = = (13-17) 


> 


Output S/N ratio 


+ 2 = od, - 2 * 2 
Urs + tai” + tne” + tna? 


I,’ 
~ ARTBIG, + G, + 5G, + RalGs + G + GI 
(13-18) 
an ip 4 input S/N ratio 
Noise factor! F = (13-19) 


output S/N ratio 


G, 8G, Req ‘ 
+ G (Gs + Gy + G,) (13-20) 


| 
+ 

| 
+ 


(assumes that 7',, the source temperature, is 290°K). 

Notice that the minimum value of the noise factor is unity, corresponding 
to an amplifier in which there are no additional noise sources beyond the 
generator. Anything that can be done to decrease Gy, G,, or Reg will im- 
prove the noise factor. The latter two are the principal noise contributors, 
and they depend upon the choice of tube. 

Once the tube choice has been made, what about the circuit design? For 
instance, what about the value of transformation ratio m? The noise factor 
is a function of m, since G, is Gjn/m?, and the source impedance (conduct- 
ance) Gin is usually fixed in any situation, rather than the transformed 
conductance G,. One can find an optimum value of m by determining the 
minimum noise factor F in Eq. (13-20) in the usual way of differentiating 


1On the assumption that the amplifier is linear, this is the same as the noise-factor 
definition given in IRE Standards on Methods of Measuring Noise in Linear Twoports, 
1959, Proc. IRE, vol. 48, p. 61, January, 1960. 
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with respect to m and equating the derivative to zero. For minimum noise 
factor 
Gin'Rea - iss 
Mopt = -2la 
a Gy + 5G, + Reg(G + G,)? 


In some cases the value of the source conductance itself may be altered to 
provide the proper value for minimum noise factor. The optimum source 


conductance is 
G, + 5G, 
Gs,opt = Jf . + (4+ G,)? (13-21b) 


eq 


Both Eqs. (13-21a) and (13-20) may be simplified for the special case of 
negligible input circuit loss (G, ~ 0) and R.4G, «5. If we define a new 
parameter G, = 5G, which varies as frequency squared, we may rewrite 
Eq. (18-21b) in the simpler form 


_ te [Gxlo) 
Gs,opt at | Rea (13-21c) 


In this equation G,,(fo) is the value of G,, at the frequency fo, while f, is the 
operating frequency. With the same approximations the optimum value of 
F may be found from Eq. (13-20) by substituting G,,op, for G,. The result- 
ing minimum value of noise factor is found to be 


Fin = 1 + = v RegGn(fo) (13-20a) 
0 


From Eq. (13-20a) it is seen that the minimum noise factor will increase 
approximately linearly with operating frequency, although the equation 
must be used with care both at very low and at very high frequencies. 

Table 13-1 summarizes the noise parameters for some receiving tubes, A 
small value of R.qG, is, of course, desirable to obtain a low noise factor. 
Note that both the 7077 and 416A are relatively special, close-spaced 
microwave triodes which give exceptionally low ReqG@n. 

The value of m to give minimum noise factor may not be the proper 
value for bandwidth, as determined from Eq. (13-15), or even the proper 
value to give maximum signal voltage at the grid of the tube; i.e., for maxi- 
mum signal voltage at grid 


Gin 
es J oe ae (13-22) 
Gy i G, 


Accordingly, some compromise must be made, the decision usually rest- 
ing upon which performance feature is the most important. Usually the 
maximum grid voltage is of the least consequence, because gain added later 
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Table 13-1 * 
Im , G, at 100 Me, 

Dubettype Pan eee pimhos Regn 
416A 50,000 ~100 106 0.011 
6201 5,500 600 400 0.238 
6688 18,500 120 1,440 0.172 
7077 9,000 350 170 0.061 
6AK5 (pentode) 5,000 1,880 670 1.260 
6AK5 (triode) 6,600 385 670 0.258 
6AM4 9,800 260 740 0.193 
6AN4 10,000 250 680 0.171 
6BC4 10,000 260 670 0.173 
6BC8 6,200 600 400 0.238 
6BK7A 9,300 240 640 0.155 
6BN4 6,800 420 480 0.203 
6BQ7A 6,400 435 360 0.156 
6BZ7 6,800 490 430 0.212 
6CE5 9,000 650 1,480 0.964 
2CY5 8,000 525 790 0.415 
PC86 =| ..... 170 880 0.150 


* Unless otherwise indicated, all pentodes are triode-connected. 


can make up for the inefficiency in the first stage. The noise factor, on the 
other hand, is determined at the input, and later stages can do nothing 
to improve it. 

The problem of greatest practical difficulty is that occurring when the 
chosen value of m to give minimum noise factor according to Eq. (13-21a) 
yields a bandwidth which is too narrow. The designer must then choose 
among three possible alternatives: (1) increase G, by changing m, (2) in- 
crease G, by adding shunt resistance or by introducing feedback to raise 
the input conductance of the tube, (8) or adopt a different circuit al- 
together. The first two alternatives increase the noise factor above the 
minimum value, although the first one is usually less harmful than 
the second because the F as a function of G, has a broad minimum. The 
third alternative is best; the most commonly used alternative circuit is 
the double-tuned one, which, for the same conductance G;,, will yield up to 
twice the bandwidth of the circuit in Fig. 13-7. 

The noise associated with the second stage in the amplifier will make an 
appreciable contribution to the over-all noise factor if the gain of the first 
stage is not high. A given situation can be evaluated by transforming the 
noise of the second tube backward through the first tube to the input grid 
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circuit as was done with the plate shot noise. Thus the mean-square noise 
current in the grid circuit of the second tube can be divided by g,,” to give 
an equivalent mean-square grid voltage, which in turn can be transformed 
to a current source for adding in with the other current generators. An 
alternative approach to this contribution of the second stage is that of 
computing the over-all noise factor of two networks in cascade, by using 
relationships presented in Chap. 14. 

13-5 Noise Factor of a Transistor Stage. The noise factor of a 
transistor stage may be found in a manner similar to that used to find 
the noise factor of a vacuum-tube input stage. The equivalent circuit which 


Fig. 13-10 Circuit for calculation of F for a common-base stage. (Note: V> is the 
open-circuit output voltage.) 


will be analyzed is shown in Fig. 13-10 and is the same as that of Fig. 13-6 
with a signal source added. The circuit is shown in the common-base con- 
nection, but, as will later be shown, the results obtained are the same as for 
the common-emitter connection. The method to be used is, briefly, to 
calculate the mean-square open-circuit voltage (both signal and noise) 
appearing at the output of the transistor. The power delivered to the load 
Zz is then a constant times this mean-square voltage—the constant de- 
pending only upon Z, and the output impedance of the transistor. (The 
noise in Zz, is assumed small compared with the amplifier noise currents.) 

A convenient way to make the calculation is to compute the mean-square 
output voltage caused by each generator in Fig. 13-10. To make the calcula- 
tion, an arbitrary polarity must be temporarily assigned to the noise genera- 
tors so that their contribution can be properly computed. As an example, 
assume that the generator vp is positive on top. The current in the input 
loop due only to vz is then 


= 
Rehan 

The open-circuit output voltage due to v» is then 
—v,(aZ, — Rg — re) 


7. (13-23b) 
R, + rh ++ Te 


Veg =Ugn = Ue = Ve = O (13-23a) 
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and the mean-square value of the output voltage is 


—  wlaz,— Rp — ri? 
(Re + rh + 10)? 


= 
In a similar manner, the mean-square voltages due to Ven de-, and v,2 may 
be found and added together to give the total v,” (note that all the genera- 
tors are uncorrelated). 


(13-23c) 


va = (opFlaz. + 2 + oFlaZe + rb 

doe latc= i Ro) sy 1804) 

o” | Ogre 

This equation may be simplified by noting that usually Z.>>17r, and 
Z.>>R,+ 7). Therefore Eq. (13-24) may be approximated by 


af a 
= Catladel? + 02 ladel + wae) ema + 
(13-25) 


We may now rewrite the definition of noise factor to use more conven- 

iently here. 
S/N 
poe (13-26) 
(S/N)out N Jout 

(power ratio at Tsource = 290°K). The output noise power into Zz, from 

the stage is 
0 a) 

P ——— Re Z Kyv. 13-27 

L= LAEWAL L= Ky ( ) 

where Z, is the output impedance looking into the collector and base 


terminals. Therefore, if Vo, is the open-circuit output voltage due to the 
source Vz, then the output S/N is 


— (13-28) 


The gain G is the square of the open-circuit voltage gain. The input S/N isa 
similar ratio of voltages squared. 
V.°Ko V,? 
S/N === = = (13-29) 
Ven *K> Ven 
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Hence the noise factor may be written as 


2; 2 2 
Vi“ /ven Vo 


GV 2/ue Geen? 
The quantity Gv,,” is simply the first term in Kq. (13-24) since this term is 
the open-circuit voltage due to the generator v,n7._ Hence the noise factor 
is obtained by dividing Eq. (13-24) by its first term, resulting in 


(13-30) 


ve oot (Re + rh + 1h)? 
s¢=3+—-5 


2 2 2 
Ven Ven Vv," |aZe| 


F=1+ (13-31) 


If the values previously found for each of these generators are incorporated 
into this equation, we obtain the desired equation for common-base 
noise figure. 


re h (1 — a) (Re + 76 + 18)? ( f | 
F,=1 1 SSS=— = 
cae coe tp Qaoreh, Be PU setae 
(13-82) 


The noise factor as given also applies for the common-emitter transistor 
connection, because the noise factor depends only upon a set of open-circuit 
voltages [Eqs. (13-30), (18-31)]._ The open-circuit output voltages do not 
depend upon whether the emitter or base terminal is considered common. 
The output impedance depends upon the common terminal; hence the 
actual power delivered to a given Zz, does depend upon the circuit configura- 
tion. The common-collector noise factor is slightly different (see Prob. 
13-7). 

The noise factor as given by Eq. (13-32) may be plotted as a function of 
R, for typical values of r., 73, and ao, as shown in Fig. 13-11. The noise 


° 4 
Measured Pa 
7 2N94A 


4boSQ 7 Ip=1ma 
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Fig. 13-11 Noise factor as a function of source resistance for a typical common-base or 
common-emitter stage. 
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factor has a definite minimum for a particular value of R,, as is evident from 
the figure. The optimum value of R, may be found more easily if the noise 
factor is expressed in the form 


Ki  (K2+R,)Ks 


Pap a 13-33 
+ R, + R, ( ) 
re 
where K, =rb+ = 
Kg =rb+re 
Ki = (1 — ap){1 + (f/faV 1 — a9 )7 
4 Qagre 


We differentiate Eq. (13-33) with respect to R, and set the derivative 
equal to zero. 
oF —k, K 2R,(Ko + Ry) — (Ko + Ry)” _ 


aR, Re : Re 


0 (18-34) 


Solving for the R, to obtain the minimum value of F (= Fin), we get 


Rewopt = | Ko? + — (13-35) 


Thus the optimum value of source impedance is seen to decrease with 

increasing frequency. The optimum value of R, at low frequencies 

(f«faeWV1 — a) is given by the expression 

(ré/r6)? + 2re/rh 

Rg.opt = 75 i! + ia (13-36) 
—a 


This value of R, is near the input impedance of the transistor in the 
common-emitter configuration; hence, nearly the maximum available gain 
is obtained when the optimum source resistance for noise is used. In the 
common-base configuration the optimum source resistance is the same, but 
the source to give maximum available gain is much lower. Hence using 
Rz,opt in a common-base stage gives a lowered stage gain and makes the 
noise contribution of the following stage important. A similar mismatched 
condition also exists in using a common-collector stage with Rg opt except 
that the source giving the largest available power gain with a common- 
collector stage is greater than R, opr. Consequently, the common-emitter 
stage is the most useful as an input stage because the largest stage gain can 
be achieved with the proper source resistance for a low noise factor. 
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If the source impedance is given the optimum value, as in Eq. (13-35), 
then the value of Fin is 


K 
Fin = 1+ 2K ( K.? + - + K:) (13-37) 
3 


The shape of the curve of Fyin as a function of frequency is shown 
approximately in Fig. 13-12. The noise factor is constant in the medium- 
frequency range but begins to increase at frequencies of the order of 
fa 1 — a. The dashed curve showing an increase in F at low frequencies 
indicates the effect of 1/f noise, which is not included in the noise equivalent 


fF 


N 
3 db/octave 6 db/octave 


(500 cps to 2 ke f, V¥i-a, 
typical) Log f—> 


Fig. 13-12 Typical behavior of transistor noise factor vs. frequency. 


circuit. The frequency at which 1/f noise becomes important unfortunately 
varies widely, often even among transistors of one type. 

Some general conclusions may be drawn concerning the operation of 
transistors where low F is required. The use of Fz ,opt is desirable although 
the minimum in F is a broad one as R, is varied. The value of Fz ,opt may 
by altered by adjusting r; by changing Zz. If high values of source imped- 
ance must be used, then very low values of Jz may be valuable; ! however, 
the lowest possible value of F is usually obtained with R, in the range of 
500 to 2,000 ohms. In general, a transistor with small (1 — ap) is desirable, 
and if operation at high frequencies is necessary, a high f.. For operation at 
very low frequencies selection of an optimum transistor is useful to minimize 
1/f noise. So-called “low-noise” transistors may not have low 1/f noise 
unless they are specifically selected for this frequency range. Feedback 
arrangements including the common-collector connection have very little 
effect on changing the optimum source impedance for low F, although the 
feedback may have great effect on the input impedance of the amplifier. 
The noise figure as predicted by the preceding equations is usually slightly 
lower than that actually realized, as is shown in Nielsen’s article. Typically 
the error in Fin is of the order of 1 to 2 db. 


1A, E. Bachman, Rausharmer Transistorverstarker mit hoher Eingangsimpedanz, 
Arch. Elek. Uebertragung, April, 1958, pp. 331-333. 
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PROBLEMS 
13-1. A multistage amplifier has a 6AK5 pentode in the first stage, as shown in Fig. 
P13-1. The center frequency of the amplifier is 100 Me, resulting in the following 


parameters: 
G, = 130 pmhos 


Req = 1,900 ohms 


ll 


9m = 5,000 ymhos 
Cin = 8 pf (including wiring capacity) 
G,=0 


a. Select a value of m so that the input-circuit bandwidth is 20 Mc. Assume that the 
source resistance is 50 ohms. , , 

b. Compute the percentage of total noise power at the amplifier output due to each of 
the following: (1) thermal noise from the source; (2) shot and partition noise; (3) induced 
grid noise. (Assume that all noise originates in the source and first stage.) 


Source 


[a me a caries ara | 


oo 4 lim <= 
(ideal) 


Fig. P13-1 


c. Find the noise factor of the amplifier (in decibels). 

d, What is the minimum F which could be achieved, disregarding bandwidth? 

e. If the maximum Q which can be attained in an inductor of a given size is 100, what 
increase (in decibels) in the noise factor found in (c) and (d) results? 

13-2. What is the minimum noise factor which may be obtained with the pentode of 
Prob. 18-1 if the frequency of operation is 10 Mc and the maximum attainable inductor Q 
is 250? By how many decibels may the noise factor be decreased if the pentode is triode- 
connected and the source again adjusted for optimum noise factor? Assume that the 
6AK5 triode noise parameters are the same as for the pentode except that Req = 385 
ohms. (Do not forget that G, in Prob. 13-1 is specified at 100 Mc.) 

13-3. To show that the noise factor has a relatively broad minimum at G,,opt, compute 
Fin for a 6AK5 pentode at 30 Mc. Also compute F for source conductances of 2G; opt 
and 14G;,opt- Roughly plot the resulting F’s as a function of G,. (Make use of the 6AK5 
data from Prob. 13-1.) 

13-4. Show that the noise figure of a triode in the grounded-grid connection is 


Bee B 
G, w+l 


= G1 ” Rea 2 
FaitS+ ) BG rate) 
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13-5. Assume that a common-emitter connected transistor has the following param- 
eters while operating with Jz = 1 ma and Veg = 8 volts: 


r, = 25 ohms rg = 8 megohms 
ry = 100 ohms fa = 5 Me 
ao = 0.98 


Find the optimum source impedance and minimum noise factor for this transistor 
operating at 300 ke. 

13-6. Assuming that the theoretical relationship between Iz, the d-c emitter current, 
and r, holds (see Chap. 2), plot a curve of minimum noise factor versus Jz and a curve 
giving the source resistance for this minimum noise factor versus Jz. Assume that r; is 
independent of Jz and equal to 100 ohms; ao/(1 — ao) is given for a particular unit by 
Fig. 2-10. Plot the results on log-log graph paper for the range 100 wa S Jz S 10 ma. 

13-7. Show that the noise factor in the common-collector configuration (F,) is given by 


7 1 re ag(l — ao)[1 + F/faV 1 — a)?](Ry + 75)? 
ete hap OreRell + Ufa") 


Discuss the behavior of F, as a function of frequency. 


14 


Some General Noise-factor 


Relationships 


14-1 Available Power and Available Power Gain. In the last 
chapter there was derived a figure of merit which we called the noise 
factor. It was defined in a reasonably obvious fashion from a comparison 
of mean-square noise and signal currents. There is a more general defini- 
tion, based on the concept of ‘‘available power,” which is very useful when 
it comes to the analysis or measurement of systems which cannot be re- 
duced to such simple circuits as those of Chap. 13. 


R Available power Available power R Available noise 


=V2/4R I G =17/4G or power =kTB 
= G 


Fig. 14-1 Available power from various sources. 


Available power from a generator or active network is a measure of the 
active portion of such a network, or its energy source. It is an alternative 
parameter to the more frequently used open-circuit voltage or short-circuit 
current. It is the power that would be delivered to a matched load and 
hence is the maximum power available from the generator, or simply the 
“available power”’ (see Fig. 1-1). Examples are given in Fig. 14-1. 

One feature of the available-power concept is the simple expression for 
thermal noise, always kTB regardless of the value of R or G. It might be 
well to point out, however, that this power could not be measured, since 
the matched load (also K or G) would be generating an equal amount of 
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thermal noise—if it were at the 
Amplifier same temperature—and hence the net 
power flow would be zero. If the 
load were an idealized noise-free re- 
sistor, then k7B could flow to it. 
Fig. 14-2. Circuit for definition of Available POWEE ergs perfectly 
available power gain. practical quantity, however, for sig- 
nal sources, and indeed noise sources 
if the noise level is high. In fact, at microwave frequencies the avail- 
able power can readily be measured by means of a matching network 
and a power-measuring device such as a bolometer, whereas open-circuit 
voltage or short-circuit current are not only impossible to measure but 
even ambiguous to define (in waveguides, for instance). 

Once we have defined available power, we can also introduce the term 
available power gain. If a generator has an available power P; and to it 
is connected an amplifier, there will be a new available power at the output 
terminals of the amplifier (see Fig. 14-2). The ratio of the output avail- 
able power P2 to the input available power from the generator P, is de- 
fined as the available power gain S. 


V 2 

Available power P, from generator P, = 7 

é 

. - V,? 
Available power P, from amplifier Py, = ae 
; . a Pe Vo\’ Ry 

Available power gain =—=(—) — (14-1) 

P, Vi Ro 


Notice that this kind of gain does not depend upon the load connected 
to the amplifier, because it is a measure of the available rather than the 
actual power. Moreover, the input resistance of the amplifier does not 
appear explicitly, although it does influence the magnitude of Vy for a 
given Vj. 

The definition of available power gain can be contrasted with other gain 
definitions which are commonly used.! These are illustrated in Fig. 1-1. 

14-2 Noise Factor in Terms of Available Power. The quantities 
available power and available power gain are remarkably useful in the 
manipulation of noise-factor relationships and are the key to successful 
circuit. design for low noise. Let us redefine the noise factor in the way 
that it is generally given by workers in this technical field. 

1]TRE Standards on Electron Tubes: Definitions of Terms, 1950; F. E. Terman and 


J. M. Pettit, ‘Electronic Measurements,” 2d ed., pp. 311-322, McGraw-Hill Book 
Company, Inc., New York, 1952. 
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, (available input signal)/(available input noise) 


= 14-2 
(available output signal) /(available output noise) ( ) 


ie output S/N of ideal eaplier (14-20) 
output S/N of actual amplifier 


The evaluation is customarily restricted to the case where the only noise 
at the input is thermal noise in the signal source resistance; hence 


(available input signal)/kTB 


= (available output signal)/(available output noise) 


(available output noise)/S 
~ kTB 


(14-3) 


where § = available power gain 
T = standard temperature, usually 290°K 

The utility of the new definitions is apparent in Eq. (14-3), where the 
numerator can be interpreted as an equivalent available noise at the input, 
which is to be compared with kTB to define the noise figure. Moreover, 
the equation suggests a possible measurement technique. We could meas- 
ure the available output noise with a matched mean-square instrument; 
we could measure G at some convenient level with a conventional signal 
generator, and we could compute kTB. 

If the new definition of F in Eq. (14-2) is applied to the circuit of Chap. 
13, the same relationships used there in Eqs. (13-17) to (13-20) would 
result. 

14-3 Noise Factor of Networks in Cascade. Finally, a unique and 
valuable feature of the new definitions is a systematic technique for han- 
dling the noise evaluation of two or more networks in cascade. Suppose 
that we have two amplifiers (or other networks, for that matter) con- 
nected in cascade, as in Fig. 14-3, with noise figures and available power 
gains (or losses) which have been separately evaluated in accordance with 


Sy, F, 
Network 5 


Sa: P, 
Network a 


fmf i 


Fig. 14-3 Circuit for determining the noise factor of cascaded networks. (The rec- 
tangular bandwidth B either is the same for both networks or else is determined by net- 
works following a and b.) 
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Eqs. (14-1) and (14-3). The question is: What is the noise figure Fy of 


the combination as shown in Fig. 14-3? 

Na = FuGakTB 

Nav = FasGaGokTB 
Consider network b tested separately (Fig. 14-4). 


N 
a /Go 
kTB 
or N= FG .kTB 


Same Z as the 
output of a, but 
only thermal noise Network b 


[~m | 


Fig. 14-4 Determination of noise output of second stage alone. 


On the premise that noise powers add, 


Portion of N due to source = $,kTB 


(14-4) 
(14-5) 


(14-6) 


(14-7) 


(14-8) 


Portion of N due to noise originating within network b = N — ¢,kTB 
= F,GoxkTB — G,kTB 
= (F, — I)GskTB 


Thus in Fig. 14-3 
Nab = Cr + (Fy - 1)G,kTB 


[eee OER | 
Source Noise 
noise from 
for b within 6 


Nab = FaGaGokTB + (Fo — 1)GkTB 
Combine Eas. (14-10a) and (14-5), 
FavGaGokTB = FaGaGokTB + (Fy — YGokTB 
Fy,-1 
Ga 


Fay = Fa t+ 


(14-9) 


(14-10) 


(14-10a) 


(14-11) 
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This relationship is an important one. It shows that the over-all noise 
figure is essentially that of the first network if the available power gain of 
that network is high. If it is not high, the relationship gives the contribu- 
tion of the noise figure of the second network, namely, the second term on 
the right-hand side of the equation. 

For three networks in cascade, the over-all noise figure has a similar 


expression, Fs 2g F. es | 
+ 
Sa GaSo 


14-4. Noise in Terms of Equivalent Temperature. The emphasis 
in this treatment of amplifier circuit noise is appropriate to those applica- 
tions where the signal source is at room temperature, which is conveniently 
taken to have a standard value of 290°K. In some applications, such as 
receivers for radio astronomy, the source noise is at a much lower tem- 
perature. It is then more common in making quantitative comparisons of 
amplifiers to use equivalent input noise temperature ? T., which is related to 
noise factor F by 


Fate = Fa + (14-12) 


T.=200(1F-1) °K (14-13) 


An ideal noiseless amplifier (F = 1, or 0 db) would have T, = 0°, while an 
amplifier with F = 2, or 3 db, would give T, = 290°K. 

14-5 Equivalent Noise Bandwidth. The assumption of a passband 
of rectangular shape and width B is neither practical nor necessary for any 
amplifier in whose output noise is observed. Thermal noise from a resistor 
connected to the input, for example, is observed at the output as the inte- 


gration of kTS(f) df (14-14) 


where df = incremental bandwidth 
S(f) = available power gain at frequency f 


Available output noise (power) = kT / “Si/) df (14-15) 
0 
1 ao 
= kT | -—— d 
leas | Sf) | § (fo) 
B 
= kTBS(fo) (14-15a) 


1 eo 
where B = equivalent noise bandwidth = nan) i S(f) df (14-16) 
0 0 


! The derivation above follows that of H. T. Friis, Noise Figures of Radio Receivers, 
Proc. IRE, vol. 32, pp. 419-429, July, 1944. 
271KE Standards on Methods of Measuring Noise in Linear Twoports, 1959, sec. 5. 
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The equivalent noise bandwidth can be thought of as the width of an 
equivalent rectangular passband having a height G(f9) and the same total 
output noise as the actual passband (see Fig. 14-5). 

The equivalent noise bandwidth is approximated fairly well by the 3-db 
bandwidth in most practical cases. As an example, consider a maximally 
flat triple, where the voltage gain has been shown to vary with frequency 
(normalized) as 1/+/1 + x®. The 3-db bandwidth is 2.0. The available 


Actual Equivalent 
band shape noise band 


Fig. 14-5 The meaning of equivalent noise bandwidth. 


power gain can be expected to vary as the square of this voltage gain, and 
thus 


Noise bandwidth ie [1s dz]/S(0) 


= (14-17) 
3-db bandwidth 2 
Since (0) = 1 and G(x) is even, 
Bnoise 2 ae 
Bsay 2 
* dx 
[its 
1/6 
= an i = 1.045 
~1 (14-18) 


On the other hand, the noise bandwidth of a single, single-tuned stage 
is found to be quite different from the 3-db bandwidth; that is, Bnoise/B3-ap 
= 1/2. This ratio approaches unity, however, as the number of stages, 
either staggered or synchronously tuned, becomes large. 

14-6 Low-noise-factor Circuit Design: The Cascode. In the quest 
for low-noise amplifiers for systems such as radar receivers, one rather re- 
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markable circuit design has evolved.! It uses two triodes in the “cascode” 
arrangement shown in Fig. 14-6 (d-c connections are omitted). The gen- 
eral noise-factor relationships which have been presented in the earlier 
sections provide the means for demonstrating the effectiveness of the 
circuit. 

The capacitances are usually those provided by the tubes plus wiring. 
Resistor G, represents only losses; the bandwidth is determined primarily 
by the generator resistance, tapped down on Ly as needed. Resistor G2 is 
provided entirely by the very low input resistance of the grounded-grid 
triode of stage 2. 


Fig. 14-6 The cascode amplifier (grounded cathode followed by grounded-grid stage). 


The incentive for using triodes comes from their low noise compared 
with pentodes, owing to the absence of partition noise. Thus a 6AK5 pen- 
tode can have an Req in Eq. (13-4) of 1,880 ohms, but when the same tube 
is connected as a triode, the Req is only 385 ohms. The minimum noise 
figure when used as a pentode turns out to be 1.85 (2.7 db) at 30 Mc, 
whereas the same tube in the double triode circuit above will give a noise 
figure of 1.35 (1.3 db) at the same frequency. This might seem like a 
small improvement,? but it represents a substantial number of kilowatts if 
the high-powered transmitter is thereby effectively increased in output 
power by 37 per cent. 

The trouble with triodes at radio frequencies is that the input conduct- 
ance can become negative, thus leading to possible oscillation. This diffi- 
culty diminishes as the voltage amplification between plate and grid cir- 
cuits is made small. Yet we should like the gain of the first tube to be 
high, so that noise contributions of subsequent tubes will not impair the - 
noise figure. The apparent dilemma is neatly resolved by careful attention 
to the distinction between the voltage amplification, which determines the 
input conductance, and the available power gain, which determines the 


1H. Wallman, A. B. Macnee, and C. P. Gadsden, A Low-noise Amplifier, Proc. IRE, 
vol. 36, pp. 700-708, June, 1948. 

2 Tf compared for equal bandwidths, e.g., 12 Mc, centered at 30 Mc, the noise figures 
become: pentode, 3.3 db; cascode, 1.35 db. 
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noise figure. It is perfectly possible for the latter to be high and the former 
to be low! Voltage amplification A—A to B-B is 


Re 


Poa eee 
"Re + Tp 


(14-19) 


where 4; = amplification factor of tube V; (= 30) 

Tp1 = plate resistance of V; (= 4,500 ohms) 

Re = 1/G. > 1/gm2 (= 150 ohms) 

Jm2 = transconductance of V2 (= 6,670 umhos) 
Thus A = [(30)(150)]/(150 + 4,500) = 0.967 for the example. Available 
power gain A—A to B-B (see Fig. 14-7) is 


= (uV g)?/4r pt = [ul s/(Gs + G1) P/4rp1 


= = 14-20 
+ 72/44, 1,2/4G, ve) 
we 
= for G, > G, (14-202) 
GsTp1 


For a triode-connected 6AK5 at 30 Me, 
G, = 10 umhos B =5 
G, =12yumhos Req = 385 ohms 


Therefore the optimum G, computed as in Eq. (13-21) is 426 wmhos (2,350 
ohms). Accordingly 


Gi 


(30)? 


426 x 107° x 4,500 


Thus the available power gain G; is high, even though the voltage ampli- 
fication A is so low that the first stage will be entirely stable. 

The noise figure of the first stage can be computed as in Eq. (13-20), 
G, being taken as 12 umhos at 30 Mc. The result proves to be 


F, = 1.35 (1.3 db) 


From a formula which will not be derived here but which ean be found in 


A B 


Available power 


Available power J 
g =(nV,)/ Arp, 


A =1,7/4G, 


A, B 


Fig. 14-7 Available powers in the circuit of Fig. 14-6. 
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the literature,! the noise figure for the second stage, where the triode has a 
grounded-grid connection, has the following calculated value: 


F2 = 3.74 (5.8 db) 


The over-all noise figure Fj, can now be computed by using Eq. (14-11). 


Fy. = Fy + 


T 
be 
Or 
+ 
| 


1.35 + 0.006 
1.36 


This over-all noise figure is contrasted with 1.85, which would be ob- 
tained if a pentode were used as an input stage. 

14-7 Comparison of the Cascode with a Single-pentode Stage. 
It is pertinent to ask how the over-all available power gain would com- 
pare for the pentode as opposed to the double triode. The output ter- 
minals are those labeled C-C in Fig. 14-6, and included as part of the sec- 
ond stage is the conductance G3. The value of G3 will influence the value 
of the available gain; we shall use a G3 of 500 ymhos (2,000 ohms), chosen 
by Wallman, Macnee, and Gadsden to meet the particular bandwidth 
requirement of the circuit L3, C3, G3 in their application. For this G3, the 
over-all available gain is 


Pentode G = 300 
Double triode G = 200 


In either case, the available power gain is sufficiently high to make negli- 
gible the noise contributions of later stages. 

Curiously enough, the available power gain of the two triodes is less than 
that of the first triode alone. The available power gain of a grounded-grid 
stage is always low, and especially so if there is a high load conductance 
(G3 in this case). Hence the available power gain of the second stage is 
actually less than unity, but the over-all gain is still high enough. 

Alternative double-triode configurations have been devised, but this one 
remains the most effective for operation at a fixed frequency. Other ar- 

1 Wallman, Macnee, and Gadsden, op. cit., p. 704, eq. (23). See also G. E. Valley, Jr., 


and H. Wallman (eds.), “Vacuum Tube Amplifiers” (vol. 18, M.I.T. Radiation Labora- 
tory Series), pp. 682-685, McGraw-Hill Book Company, Inc., New York, 1948, 
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rangements may prove more practical for variable-frequency operation, as 
in a television receiver or converter.! 

Sometimes a neutralizing inductor is incorporated between plate and 
grid of V; in Fig. 14-6. Neutralizing is not needed to prevent oscillation, 
as usually required in tuned radio-frequency power amplifiers, but instead 
the purpose is to adjust admittances to secure minimum noise figure. As 
described by Wallman, Macnee, and Gadsden, an improvement of 0.2 db 
can be achieved at 30 Me, and as much as 2.5 db at 180 Me. 


PROBLEMS 


14-1. One way to connect a pair of triodes which would provide stability against 
oscillation would be to load the plate of the first triode with a resistance equal to the 
cathode input impedance of the grounded-grid stage of Fig. 14-6. Then the following 
stage could also be a grounded-cathode stage, as shown in Fig. P14-1. The gain of the two 
stages would then be identical with the gain of the two stages connected in cascode. To 
show that this connection is not as good as the cascode connection from a noise stand- 


Fig. P14-1 


point, calculate the following. Use the tube parameters and any other pertinent data 
given in the chapter. 

a. Using the value of G, which gives a minimum noise factor for the input stage, 
calculate the available power gain of the first stage (up to the point B-B’). 

b. Calculate the noise factor of the second stage. 

c. Caleulate the over-all noise factor. 

d. Try to explain in physical terms why the noise factor you obtain in (c) is worse than 
that calculated for the cascode. (Hint: You might consider the noise generated by the 
second tube in the two circuits.) 

14-2. An amplifier is fed from a 50-ohm source some distance away through a slightly 
lossy cable, as shown in Fig. P14-2. The amplifier is designed to be operated from a 
50-ohm source and therefore is being fed from a proper impedance even though there is 
an evident mismatch at the receiving end of the line. You are to find the noise factor of 
the system by using the principles of Sec. 14-3. First you are to find the available power 
gain and noise factor of the transmission line itself. (SuaGEsTIon: Consider the Thévenin 
equivalent of the transmission line and matched source, and then use the basic defini- 


_1R. M. Cohen, Use of New Low-noise Twin Triode in Television Tuners, RCA Rev., 
vol. 12, pp. 3-25, March, 1951. 
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tions of noise factor and available power gain.) With these characteristics of the line, the 
over-all noise factor may be calculated directly. 


- 


Z=50 ®, 6 db loss* Amplifier 
F=3db 
(for 50 2 source) 


R,,=1002 


*Under matched conditions 


Fig. P14-2 


14-3. Show that the 3-db bandwidth and noise bandwidth become the same for 
maximally flat amplifiers if the number of staggered stages is allowed to increase with- 
out limit. 

14-4a. Derive an integral equation which gives the average noise factor F if the 
noise factor F is known in the narrow band df and if G is known as a function of frequency. 
Check your result with Iq. (15-17). 

b. In some practical situations F(f) and § (f) are available only in graphical form from 
experimental data. Explain how you would apply your equation from (a) to obtain F 
from a plot of F(f) and S(f) versus f. 

c. In the special case where F(f) is a constant across the passband, as is true if the 
input circuit has a much wider passband than the rest of the amplifier, show that 
the output noise from the amplifier is simply No = F(fo)kTB,A(fo), where A(fo) is the 
transducer gain at the center frequency and B, is the noise bandwidth of the entire 
amplifier. 


15 


Amplifier Measurements 


A major purpose of the book has been a presentation of advanced design 
concepts and techniques which are especially powerful in the design of 
high-performance amplifiers, i.e., amplifiers which are intended to be oper- 
ated at extremes of high gain, large bandwidth, high frequencies, fast 
transient response, low noise factor, etc. Such demands on design are 
accompanied by similar demands on measurement techniques in order to 
verify the design results and, earlier, upon measurements on the individual 
circuit components in order to provide the element values which go into 
the design formulation. This chapter therefore provides some selected 
measurement techniques which will help assure the successful achieve- 
ment of the high performance made possible by the design techniques. 

It is expected that the reader is already familiar with basic measure- 
ment procedures described in various reference texts.! 

Measurements may be complicated by the usual problems of high- 
frequency measurements plus problems unique to high-gain amplifiers. 
For example, a measurement so seemingly simple as the measurement of 
the d-c bias on one stage of a 60-Mce i-f amplifier with a nominal gain of 
100 db can lead to erroneous results. If the voltage is read when the 
amplifier shield cover is opened to insert the voltmeter leads, the reading 
will probably be wrong because of regeneration in the amplifier. Even 
bringing the voltmeter leads out with the shielding in place may not suffice 
unless the leads are carefully placed physically and properly decoupled. 
Consequently special care must be taken to ensure that the amplifier is 
truly operating normally when measurements are taken, or one may falsely 
condemn a design which in reality is good. 

15-1 Measurement of R, L, and C. The standard measurements of 
passive elements used in an amplifier are covered by many texts, but their 


1See, for instance, F. E. Terman and J. M. Pettit, “Electronic Measurements,” 
2d ed., chap. 8, Amplifier Measurements, McGraw-Hill Book Company, Inc., New 
York, 1952. 
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use in wideband amplifiers is greatly influenced by the “impurities” in 
the actual realizations of an “‘ideal” R, L, or C. Consequently the measure- 


ment of the elements should take into account the imperfections. 
ure 15-1 shows the simplest representation of a ‘‘resistor, 


Fig- 
capacitor,” 


66 


and “inductor” valid over a reasonably wide frequency range. 
The resistor (Fig. 15-la) is contaminated by a shunt capacitance which 


reduces its impedance at high frequencies. 


about 0.6 pf for a 4-watt carbon 


The capacitor typically is 


resistor. Special constructions make Bi 

possible resistors with C’ ~ 0.02 pf. sey Te ~F 
The value of R is to some extent a i 4 L 
function of frequency and may be Ro zKe we 1 zkKe 
measured with a radio-frequency : 4 ob 
bridge appropriate to the value of ee Z, ree | 
R being measured, e.g., resistance of ml pa 
greater than 100 ohms can best be 6 6 
measured on a parallel-substitution (a) (b) () 


bridge? or a transformer-ratio-arm 
bridge.? Lower values of impedance 
can be measured better on a series 
substitution bridge.4 The inductance 
of most high-frequency resistors is not usually troublesome unless low 
resistance values are used at high frequencies—then the resistor lead 
inductance must also be taken into account. 

The choice and measurement of a capacitor depend upon its use. A 
capacitor for use as a resonant element usually requires low loss and there- 
fore utilizes an air, mica, or high-stability ceramic dielectric. Such a 
capacitor may be measured with a Q meter ° or a bridge in the frequency 
range of interest. The leads used for measurement should be nearly the 
same length as those to be used in the circuit. Such a measurement will 
give the “effective capacitance,” not the value shown as C in Fig. 15-1). 
If the capacitor is actually a capacitive reactance, the measured value of 


Fig. 15-1 Approximate equivalent cir- 
cuits. (a) For a physical resistor. (b) 
For a capacitor. (c) For an inductor. 


1 International Resistance Company type HFR, for example. 

2 The twin-T circuit is appropriate; see Terman and Pettit, op. cit., pp. 84-87. A 
commercial version is the General Radio Type 871-A. Another form i8 the Schering 
circuit, Terman and Pettit, op. cit., p. 74. A version commercially available is the 
Boonton Type 250-A RX Meter. See The Notebook (Boonton Radio Corp., Boonton 
N.J.), no. 2, pp. 1-4, Summer, 1954. 

3See Terman and Pettit, op. cit., pp. 116-117. Suitable commercial instruments 
include the Wayne-Kerr Types B601 and 801. 

4Terman and Pettit, op. cit., pp. 79-81. A commercial instrument is the General 
Radio Type 1606-A or its predecessor, Type 916-A. 

5 Terman and Pettit, op. cit., pp. 90-91; also The Notebook (Boonton Radio Corp., 
Boonton, N.J.), no. 1, Spring, 1954, no. 4, Winter, 1955; no. 13, Spring, 1957. A com- 
mercial unit is the Boonton Type 260-A. 
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capacitance will always be greater than C. If the capacitor is to be used 
far below its resonant frequency, a low-frequency (e.g., 1-kc) measurement 
will suffice. 

A capacitor to be used as a bypass capacitor (therefore as an approxi- 
mate short circuit) poses a different sort of problem. Such a capacitor is 
often operated near or even above its series resonant frequency, and low- 


(b) Band on metal 
case 


Electrolytic cap. 


(c) 


Fig. 15-2 Impedance of a typical capacitor over a wide frequency range. (a) Im- 
pedance measured between the lead ends. (b) Impedance measured between lead and 
(metallic) case. (c) Effect of paralleling capacitors. 


“Mica cap. 


frequency measurements are not often meaningful. Consider, for exam- 
ple, a cathode bypass capacitor in a video amplifier. For the capacitor to 
be effective, the condition to be fulfilled is |gmZz|<«< 1 over the passband 
of the amplifier. Therefore |Z,|<«1/gm. The magnitude of the imped- 
ance of a typical electrolytic capacitor is shown in Fig. 15-2. The high- 


\z|= aR 
1 
for |Z|<<R 
(i.e.,V, >> V,) 


Oscillator 


Fig. 15-3 Method of measuring impedance magnitude. 


frequency impedance is largely due to the lead length of the capacitor and 
can be reduced by reducing the size of the loop through which the current 
passes. Note that paralleling a small and a large capacitor (Fig. 15-2c) 
usually is ineffective because the resulting resonance will produce a peak 
in |Z| unless the Q is very low. 
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The simple measuring circuit for capacitors to be used in video ampli- 
fiers (Fig. 15-3) allows direct measurement of |Z|. The impedance meas- 
ured will be that effective between the two points X-X. A series substi- 
tution bridge could, of course, be used, but the measurements would be 
more laborious. 

For capacitors to be used at still higher frequencies, another useful meas- 
urement is the determination of the self-resonant frequency. The 0.01-yf 
ceramic capacitor shown in Fig. 15-4 resonates at ~10 Mc, as measured 
by coupling an oscillator (‘‘grid-dip meter’’) loosely to the resonant circuit 


or 


Fy Impedance between 
“y ends of leads. 
f, 10 Mc 


Z| 
(approx. full scale) 


(a) 


(d) 


Fig. 15-4 (a) Resonant circuit formed of disk ceramic capacitor and its leads. (6) Im- 
pedance of capacitor and leads. 


formed by short-circuiting the capacitor by its leads. Above this fre- 
quency the capacitor acts at its terminals (including 14-in. lead wires) like 
an inductor. (The inductance is mostly lead inductance.) Note that the 
resonance is not necessarily bad as long as |Z| stays sufficiently low in 
the desired band; one might, in fact, intentionally choose the capacitor 
and its leads to resonate within the band in order to achieve the lowest 
possible bypass impedance. The impedance of the capacitor-inductor 
combination may be approximated by taking the low-frequency value of 
C and the self-resonant frequency fp, as shown in the figure. 

Knowledge of the interstage capacitance is fundamental to wideband 
vacuum-tube amplifier design and should be known for transistor amplifier 
design. The main difficulty of measurement is caused by the necessity 
of measurement while the active device is operating. The capacitance is 
small and is best measured by a device which uses a small enough signal 
to prevent overdriving of a vacuum tube. Suitable instruments include 
the Boonton RX Meter and the Tektronix LC Meter; these deliver less 
than 0.1 volt across the unknown impedance. Larger voltages may over- 
drive the grid circuit of the tube and cause nonlinear loading of the un- 
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known capacitance; erroneous measurements can result. A typical meas- 
urement with the LC Meter for a video interstage is shown in Fig. 15-5. 
The plate load resistor must be disconnected to keep from loading the 
LC Meter. The consequent removal of plate current from the tube does 
not significantly change the output capacitance. The tube in the next 
stage should operate under normal bias, however, to produce the proper 
input capacitance which is sensitive to the d-c operating conditions. Any 


(a Cut 


MS Tube operating 
normally 


LC meter 


Fig. 15-5 Measurement of interstage capacitance with Tektronix LC Meter. 


bypass capacitors should be effective at the frequency of measurement (in 
this case 185 kc). Measurement with the RX Meter is similar, but the 
plate load resistor need not be removed since the bridge can balance out 
the conductive component. 

If the amplifier being measured has high gain, the capacitance measure- 
ment is complicated by the possibility of feedback from other stages affect- 
ing the measurement. One way to prevent this is to remove the tubes 
from other stages in the amplifier. 


1/w? 


Ca a - 
a 


Fig. 15-6 A plot for determining the self-resonant frequency, true inductance, and dis- 
tributed capacity of an inductor. 


Cc 


In some cases the total interstage capacitance may be deduced by merely 
measuring the cold capacitance of the interstage with the tubes removed. 
Since this is a purely passive circuit, the measurement is somewhat easier 
because no regeneration or overloading problems exist. The capacitance 
of the tubes may then be added in or taken from a table such as Table 10-7. 

The measurement of inductors suitable for wideband amplifiers is readily 
accomplished with a Q meter or suitable bridge. The measurement should 
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be made near the frequency of use, particularly if measured Q is important. 
The measured inductance is always somewhat higher than the “true” in- 
ductance L shown in Fig. 15-le because of the distributed capacitance. 
Several methods of determining the value of L are given in texts;! one 
suitable method is to plot the capacitance required to resonate the induc- 
tor versus 1/w”, as shown in Fig. 15-6. Such a plot should result in a 
straight line which has a negative-capacitance intercept; i.e., the intercept 
is the negative capacitance required to cancel the distributed capacitance 


Fig. 15-7 Diagram of a jig for measuring the h-f input capacitance and conductance 
of a tube. 


and give resonance at infinite frequency. The self-resonant frequency is 
also given by such a plot from the value of 1/w” for zero added C. 

15-2. Measurement of Vacuum-tube Parameters. The measure- 
ment of the low-frequency tube parameters necessary for amplifier design 
may be done on a tube bridge with considerable accuracy. The principle 
of operation is covered in several standard texts and will not be repeated 
here.2 Measurement with the usual tube tester is at best only qualitative 
because the exact operating point is usually unknown. 

On the other hand, measurement of the input and output admittance of 
a tube is not as easy or well documented. A test jig for measuring input 
admittance is shown in Fig. 15-7. For valid results all the leads carrying 
r-f currents should be as short as possible and the capacitances should all 
be chosen for minimum r-f impedance. Connections are shown for a tube 
with two cathode leads. The a-c component of plate current is returned 
to the cathode through one cathode lead. The grid circuit is completed 


1$ee, for instance, Terman and Pettit, op. cit., pp. 100-102. 
2 Tbid., chap. 7. 
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through the other cathode lead, thereby reducing the input conductance 
due to cathode lead inductance. If the tube is not to be operated in this 
way in the circuit, the two cathode leads should be paralleled and the a-c 
plate current returned directly to ground. All leads to the jig should be 
decoupled so that no r-f potentials exist on them. 

The most convenient instrument for the measurement is the RX Meter 
shown, but other parallel substitution bridges suitable for measuring high 
impedances, such as the Wayne-Kerr, may be used. The signal applied 
to the tube should not be greater than a few tenths of a volt to prevent 
overloading. Inadequate shielding or improper placement of bridge and 
jig leads is indicated when the null of the bridge changes when “‘grounded”’ 
wires are touched. 

The procedure for measurement is first to balance the bridge with the 
jig removed. The jig is added, and the admittance of the jig is measured 
without the tube. The tube is then added to the jig and the total admit- 
tance measured. The input admittance is the difference between the total 
and jig admittance. The method presupposes that the electrical length 
between the tube and bridge is very small, so that line-length corrections 
need not be made. 

The output admittance of a tube may be measured in a similar manner 
by putting the bridge terminals in the plate circuit with an r-f choke to 
carry plate current to the tube. 

The measurement of the direct admittances as described as well as the 
measurement of the transfer admittances in the vhf and uhf region may be 
accomplished with a special transfer admittance meter. For wideband 
amplifier design even in the vhf region, knowledge of the direct admit- 
tances (particularly the input admittance) and the interelectrode capac- 
itances usually suffices. Consequently, such elaborate instrumentation 
and measurement are not often necessary. 

One additional tube parameter which is difficult to measure is the equiva- 
lent noise resistance Reg. The best method of measuring this resistance is 
to measure the noise factor F of an amplifier input stage especially designed 
to make the effect of Req dominant in determining the noise factor. Refer- 
ence to Eq. (13-20) shows that this may be accomplished by making the 
source conductance very large. Then F is very nearly 


FR1L4+GRq G>G,G (15-1) 


A suitable preamplifier for the measurement is shown in Fig. 15-8; the 
noise diode, 5722, provides a calibrated source of noise current ! across the 
100-ohm resistor which also constitutes the necessary high value of Gs. 
The other equipment necessary is a high-gain bandpass amplifier and an 


1 Considerations in the use of a noise diode to measure amplifier noise figure are 
discussed in Sec. 15-7. 
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6AB4 


C=0,.002 for f, = 30-60 Mc 
Choose L for desired 
center frequency 


Noise generator Tube under test 


Fig. 15-8 A preamplifier for R.q measurement. 


output meter. The noise factor is measured as described in Sec. 15-7. 
From the known values of F and G,, Req may be calculated by using 
Eq. (15-1). 

15-3 Measurement of Low-frequency Transistor Parameters. 
Several types of commercial equipment exist for the measurement of the 
low-frequency transistor parameters, usually the h parameters. For 
reasons outlined in Chap. 2 the h’s are the easiest to measure, especially 
in the common-base or common-emitter connections. Simple jigs may 
also be used in conjunction with an oscillator and a-c millivoltmeter to 
measure the h’s. Figure 15-9 shows a jig for measuring hy. and ho. 
with considerable precision if care is taken to ensure that the millivolt- 
level signals are uncontaminated by spurious signals. The approximate 
values of hy1- and he. for the values given in the figure are 


hate = 10°V; (15-2) 
hate = 10*V, (15-3) 


Fig. 15-9 A jig for measuring the low-frequency transistor h parameters hy, and he. 
(Vs =] volt.) 
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These values assume that V, >> V; and V, = 1 volt. This is the same 
as saying that h,,. << 10° ohms, a condition which is true for most condi- 
tions of operation. 

The circuit for measuring hy. and hag. is shown in Fig. 15-10 and is 
similar to the preceding circuit. The transformer shown is desirable to 
allow grounding the voltmeter. For the conditions of V, = 1 volt, the 
parameters are given by 

hove = 107°V 2 (15-4) 


hize = Vi (15-5) 


Note that all the parameters are direct-reading; i.e., the voltmeter reading 
need only be multiplied by the appropriate power of 10 to get the desired 


Fig. 15-10 A jig for measuring his, and hoo. (Vs = 1 volt.) 


parameter. In all cases the output of the voltmeter should be monitored 
with an oscilloscope, not only to determine whether spurious signals are 
present but also to determine whether the transistor is operating linearly. 
The measurements must be made at an extremely low signal level to en- 
sure linear operation under all conditions of biasing. For example, the 
conditions shown for measuring hg1. apply a base a-e current of 1 ya rms, 
or 1.4 ya peak. If a transistor with ha;. = 100 were to be measured at a 
collector current of 100 ya, the drive current would be sufficiently high 
to completely cut off the collector current for a part of the cycle, resulting 
in very nonlinear operation. For the circuits shown, the input can be con- 
veniently reduced by a factor of 10, which then increases the coefficients 
of Eqs. (15-2) and (15-5) tenfold. A good test to see whether or not the 
small-signal parameters are truly being measured on an active device is to 
take several measurements at different signal levels. If the signal level is 
too large, the measured parameter values will change with level. 

If the T-circuit parameters (Fig. 2-9) are desired, the most convenient 
way of obtaining them is through the A parameters. Table 15-1 gives 
conversion formulas for finding the T parameters from the common- 
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a 
B= = hoe 


l-—e 


a hate + 1 
hare 


Te 


hive 


re = 
hove 


hive(hare + 1) 
hove 


r = hie — 


emitter h parameters. The formulas contain the approximation that 
r-(1 — a) > re, an inequality which is usually very good. 

15-4 Measurement of Transistor High-frequency Parameters. 
Because many different high-frequency transistor equivalent circuits are 
possible, there are a multitude of different ways to measure the h-f charac- 
teristics of a transistor. The discussion herein will be centered about 
measuring the elements of the hybrid-pi circuit, which has been used 
throughout this text and is repeated in Fig. 15-11. Relatively simple 
measurements will be described which are nevertheless capable of ade- 
quately describing the operation of the transistor for engineering purposes. 
For more precise measurements the reader may refer to literature describ- 
ing the specific measuring equipment, e.g., the Rhode and Schwartz Dia- 
graph, the General Radio transfer-function meter, and the Wayne-Kerr 
r-f bridges. 

One of the most useful h-f parameters which can be readily measured 
with simple equipment is the frequency f, defined in Chap. 2, ie., the 
frequency at which the common-emitter current gain |h21_| becomes unity. 
A suitable jig for measuring |hg1_j is shown in Fig. 15-12. The r-f oscilla- 
tor and 20-kilohm resistor provide a constant-current source for the base 
of the transistor. The collector current is measured as the drop across a 
50-ohm line termination by means of 
the crystal detector. Because of the 
high frequency of operation of the 
jig, careful attention must be paid 
to lead dress, lead length, and un- 
wanted capacitances. The method 
of operation of the jig is to connect 
a short circuit from the base to the pig. 15-11 The high-frequency plequiv: 
emitter contacts of the socket (a alent circuit. 
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defunct transistor with a wire between collector and base is convenient). 
The r-f oscillator output is then increased until some reference level is 
established on the output meter. This reference level must represent 
only a few millivolts of r-f signal to ensure linear operation when the 
transistor is measured. The setting of the attenuator is noted for this ref- 
erence reading (say N db). The short circuit is now removed from the 
jig and a transistor inserted and properly biased for the condition of oper- 
ation desired. The attenuation of the attenuator is now increased (say to 


To rf 20K 
oscillator (IRC type HFR) 


To d-c 
502 microvoltmeter 


Crystal rectifier 


@) ie 


' . Crystal D-c 
(6) 


Fig. 15-12 A jig and measurement setup for measuring fr. 


M db) until the reference reading is again obtained on the output meter. 
The current gain of the transistor is then M — N db. The accuracy of the 
measurement depends upon hj;. « 20 kilohms (so that the transistor is 
effectively driven by a current source) and the accuracy of the attenuator 
but does not depend upon the linearity of the output meter. A small error 
is incurred by the finite impedance in the collector circuit. 

To find f,;, several such measurements are made of |hg1-| to find a region 
in which |ho1-| is decreasing inversely with frequency. For a normal 
transistor this is a broad frequency range. The value of f; then is given 
by the equation 

fe = lhaei lf (15-6) 


where |heie(f1)| is the value of |hg1-| at the frequency f;. Once the 
proper frequency range is determined for a given transistor type, only one 
measurement is required to determine f; This is an advantage of this 
measurement as compared with the measurement of f,, for example, where 
several measurements are required to find a —38-db point. The measure- 
ment of f; should usually be conducted at such a frequency that the cur- 
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rent gain is of the order of 5. At frequencies much higher than this the 
equivalent circuit may not be too satisfactory because of anomalous effects. 

The measurement of collector capacitance C, may be done with any of 
several bridges, a Q meter, or the Tektronix LC Meter. The latter permits 
direct reading of C, on a meter used with the simple jig shown in Fig. 
15-13. The guard terminal on the LC Meter is used to keep the signal 
current through the upper 10-mh choke to a minimum so that the meter 
may be zeroed with the transistor removed. Upon insertion of the tran- 
sistor the meter reads the direct capacitance added between the input 
terminal of the meter and ground. The added capacitance is in part the 


igs Tetons LC meter 
SS eT 


Fig. 15-13 A jig for measuring C, with the Tektronix LC Meter. 


capacitance from the collector lead to the case, a capacitance which is not 
properly part of C,. This parasitic capacitance may be removed from the 
meter indication by connecting the case of the transistor to the guard 
terminal of the meter (on the assumption, of course, that the case is not 
connected internally to the transistor). 

The extrinsic base resistance rj is probably the most difficult element in 
the equivalent circuit to measure accurately. A method which gives a 
good approximate result for transistors in which C, is not extremely small 
is shown in Fig. 15-14. In this jig an r-f voltage applied to the collector 
of the transistor causes current to flow primarily through C, and then 
through 7; and the 100-ohm external resistor, as in Fig. 15-14b. The mag- 
nitude of the current is measured in switch position 6 as the drop across 
the 100 ohms. The drop across rj is measured in position a. On the as- 
sumption that the same current flows through both resistances, rj, is 


_ 100V. 
=o 


rb 


(15-7) 


where V, and V; are the voltage readings in the respective switch posi- 
tions. (Note that if Vp is set to 1 mv, for example, the voltmeter reads 
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Oscillator 0.01 


To r-f microvoltmeter 


(0) 


Fig. 15-14 A jig and its equivalent circuit for measuring rp. 


ry directly, with 100 ohms being full scale.) The accuracy of the measure- 
ment depends upon the capacitance shown as C,, being small compared 
with C. so that the current through the two resistors is truly equal. 
Grounding the case of the transistor, if possible, helps reduce C,. 

In principle, these measurements give all the necessary parameters for 
the equivalent circuit of Fig. 15-11 since R may be calculated if the d-c 
emitter current and the low-frequency current gain are known. For more 
accurate results a direct measurement of R would be desirable, and is 
actually possible. A plot of the input impedance hj;_ of the transistor for 
all frequencies is shown in Fig. 15-15. The values of both r; and R may be 
obtained from such a plot, which is a semicircle of radius R/2 centered at 
ry, + R/2. In practice the data for hi;. are measured by using an r-f 
bridge and are plotted as shown in Fig. 15-15. A circle is then fitted to 


' 
ro 


Z=rt+jx R C+e, 
—_—_> 


Fig. 15-15 The circle diagram for finding ri and R. 
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the measured data by trial and error in such a way as best to approximate 
the data. The intersection of the circle and the real axis gives the values 
of r, and r, + R. This method of obtaining rj, although more laborious 
than the preceding method, probably leads to a more nearly correct result 
because the value of resistance obtained is less influenced by direct capaci- 
tance from collector to base. Since this capacitance is not negligible com- 
pared with C, in vhf transistors, particularly mesa units, the circular plot is 
particularly applicable to these units. 

If an accurate value of 7; is obtained by the preceding means, then a 
different method of obtaining C, may be useful, particularly in the case 


Fig. 15-16 The measurement of high-frequency hy». 


of mesa transistors that have a collector capacitance which may be approx- 
imated by splitting it into two parts (Fig. 15-16). One is the ordinary 
collector capacitance C’,; the other, C,, is also caused by the collector deple- 
tion region but does not cause the current due to V2 to flow through 7%. 
Therefore the capacitance designated C, acts like a direct capacitance 
between collector and base. In a mesa unit the two capacitances might 
be of the same order of magnitude. The previous measurement will meas- 
ure the two capacitances in parallel, thus resulting in too large a value for 
C.. This difficulty may be obviated by measuring |hy25|=|Vi/Vel. For 
the equivalent circuit in Fig. 15-16 


wriCe 


—___— & wr iC assuming hyo, «1 15-8 
ee. as oe) 


[hiob| = 


If the values of w, rj, and hig, are known, the value of C, may be calcu- 
lated. The measurement must be at a frequency sufficiently high for the 
current flowing through r! (see Fig. 2-20) to be negligible in comparison 
with the current through C,.. The practical difficulty in the measurement 
is obtaining a high impedance at the emitter in measuring Vj. 

15-5 Amplifier Gain Measurement. Two basic methods of amplifier 
gain measurement are shown in Fig. 15-17. The first method is a very 
straightforward method of measuring voltage gain but suffers from several 
faults which should be understood. The method is to connect the ampli- 
fier under test to a generator of suitable frequency range and then to meas- 
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ure directly the input and output signal voltages. If the amplifier has 
much gain, the signal level at the input may be too low to measure with 
an ordinary a-c millivoltmeter. Of course the signal level may be increased 


(a) 


(0) 


Fig. 15-17 Two methods of measuring amplifier gain. 


but this may cause overloading of the amplifier under test. A convenient 
way of finding the proper level at which to take the gain measurement is 
to plot the output of the amplifier as a function of the input, as shown in 
Fig. 15-18. From this curve it is easy to see that too low a level will con- 


(Overload point 


Region in which 
gain measurements 
can be taken 


Output, dbm 


— ——— Noise level 


Input, dbm 


Fig. 15-18 A typical amplifier input-output characteristic. 


taminate the measured output signal with noise and too high a level will 
cause nonlinearity of the amplifier. 

The direct: measurement is also unsatisfactory if the frequency response 
of the amplifier is desired, because the measured gain-vs.-frequency curve 
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will also contain the difference in the gain-vs.-frequency characteristics of 
the two voltmeters. Even using the same voltmeter at input and output 
will not solve the problem, because the frequency characteristics often are 
not exactly the same on different scale ranges. 

The second measuring method shown in Fig. 15-17b is much more satis- 
factory because the accuracy of measurement is almost completely de- 
pendent upon the accuracy of the passive attenuator used. Since such 
attenuators may be obtained with high accuracy, wide frequency range 


n, db 
(a) N=n,-+n2 db 


Fig. 15-19 The typical form of a wideband attenuator and its Thévenin equivalent. 


(0 to 500 Me, typically), and almost unlimited attenuation, reliance upon 
the attenuator is practical if the operation of the attenuator is well under- 
stood. An attenuator suitable for testing wideband amplifiers is usually 
of the form shown in Fig. 15-19a, where the number of attenuating sec- 
tions is varied to change the over-all attenuation. Typical values of Ro 
are 50 to 100 ohms to match common coaxial cables. The attenuation 
marked upon the unit is the voltage (or current) ratio at input and output 
when the attenuator is terminated in Ro, that is, 


Vy 
ny = 20 log — db 
V3 


Looking into terminals 1-1’ to the right or into terminals 3-3’ to the left, 
one sees Ry as long as the opposite end of the attenuator is terminated in 
Ro. Because of this property, the entire attenuator of Fig. 15-19a may 
be replaced by a Thévenin equivalent, good for any frequency, as shown 
in Fig. 15-19. Note that the voltage V appearing across Ry and the 


310 AMPLIFIER MEASUREMENTS [CuHap. 15 
available power P,y from the attenuator are 
- V.Rz 1 
Ro + Rz log (N/20) 
Vi 
~ 4 flog! (N/20)]Ro 


3 (15-9) 


(15-10) 


av 


Or if the power is expressed in terms of dbm (decibels with reference to a 
level of 1 mw), the available power is simply 


Pay = Pays — N all powers in dbm (15-11) 


where P,,,, is the power available from the source VY, and Ro. 

If the attenuator does not provide the correct source resistance for the 
amplifier, the source resistance may be raised or lowered by adding series or 
shunt resistance, respectively, at the output of the attenuator. The new 
output voltage or power is easily computed by using the Thévenin equiva- 
lent of Fig. 15-19b. 

By the method of Fig. 15-17 the voltage gain of the amplifier may be 
found if the input resistance of the amplifier is known. In the usual case 
the input impedance of the amplifier is considerably greater than the 50 to 
100 ohms of the attenuator so that the attenuator is adequately terminated 
by merely connecting Ro in shunt with the amplifier terminals. The at- 
tenuator is adjusted to give equal readings in positions 1 and 2 of the volt- 
meter switch. The voltage gain is then equal to the attenuator setting 
plus 6 db. Note that neither the linearity nor the calibration of the volt- 
meter enters into the reading. Consequently, if the gain vs. frequency is 
measured, the voltmeter frequency response does not cause error. (Note 
also that omitting the resistor at the input of the attenuator removes the 
need for adding 6 db to the attenuator reading.) 

Measurement of the various kinds of power gain may also be most easily 
done with the aid of an attenuator. For example, the transducer gain may 
be found by calculating the available power input to the amplifier, P;, from 
Eq. (15-10). The attenuator should be connected to the amplifier with 
no terminating resistor added. The transducer gain in Fig. 15-17 is then 

V2G4 
Ar = 


15-12 
= (15-12) 


The available power gain is measured in the same way, but the load 
must be adjusted for maximum power output from the amplifier. In either 
case the source impedance presented by the attenuator and any series or 
shunt impedance must be correct for the amplifier. If the amplifier were 
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to be operated from a 600-ohm line, then a 550-ohm resistor should be 
added in series with a 50-ohm attenuator to simulate the actual source. 

The measurement of gain or frequency response of very high-gain ampli- 
fiers is complicated by the problem of regeneration. All connections made 
to the amplifier should be coaxial, with tight-fitting connectors. It is often 
useful to employ cables with a double shield braid to reduce leakage and 
input-output coupling caused by shield porosity. In extreme cases, at 
least the cable between the attenuator and amplifier input may have to be 
cable with a copper-tubing outside conductor. The input and output con- 
nections should be kept physically separated to reduce the chance of cou- 
pling. The number of ground loops should be kept to a minimum; this may 
mean in some cases that the power-line ground provided with much test 
equipment must be removed from all but one line connection. 

Two tests may be used to discover whether or not the setup is adequately 
shielded. The easiest is to reduce the output of the signal source to as near 
zero as possible by adding attenuation at the input. Any signal except 
random noise remaining in the output may indicate either the presence of a 
spurious signal, e.g., a strong nearby transmitter, or leakage from the 
generator or cables. In an extreme case of leakage, the amplifier may oscil- 
late. Terminating the input in a shielded, coaxial resistor should stop the 
oscillation if cable leakage is at fault. 

A more sensitive test for regeneration is to plot several gain-vs.-frequency 
curves for different values of amplifier gain, i.e., different gain-control set- 
tings. If no regeneration is present, a well-designed amplifier should have a 
frequency response which is substantially independent of gain. In the pres- 
ence of regeneration the band shape and frequency of maximum gain usually 
shift markedly, the bandwidth usually becoming narrower as the gain is 
increased. Some small amount of band-shape change should be expected, 
however, because of the change of the active-element parameters with gain 
and because of a small, irreducible amount of feedback, due primarily to 
the active elements. 

A very convenient way of conducting this latter test is to apply a swept- 
frequency oscillator to the input of the amplifier and to observe the output 
with an oscilloscope. By this means, a display of relative gain vs. frequency 
may be obtained, and the changes in band shape as gain is varied may be 
seen directly. 

The importance of eliminating regeneration cannot be too strongly 
stressed, because the presence of even a small amount will completely 
obscure the careful design of an amplifier. 

Sometimes the gain of a single stage or group of stages in an amplifier is 
desired. One cannot connect a voltmeter or other instrument across an 
interstage without more or less upsetting that interstage. Even a diode 
probe has several picofarads of capacitance and would seriously detune 
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most wideband stages. One method of avoiding the detuning problem is 
to convert the following stage into a broadband voltmeter-amplifier stage, 
as shown in Fig. 15-20. In the figure the stage to be measured is tube (a) 
and the network between (a) and (b). Since the grid circuit of (b) is undis- 
turbed by the added conductance in the plate circuit, the tuning of the 
interstage is undisturbed. The frequency response of (b) may be measured 


To rf 
502 millivoltmeter 


Stage to 
be measured 


Fig. 15-20 Measurement of the gain of a single stage by converting the following stage 
into a very wideband amplifier. 


by attaching the input to point 2—for many purposes the gain of (b) may 
be regarded as constant with frequency because of the large amount of 
loading in the plate circuit. The gain of the combination is found by sub- 
tracting the gain of (b) from the over-all gain measured at point 1 (gains 
measured in decibels). 

Sometimes an indication of the signal being applied to a tube in a band- 


Modulated 
signal 
generator 


» Normal 
r-f bypass 


Fig. 15-21 Measurement of a modulated r-f signal by the detected component at a 
cathode. 


pass amplifier can be obtained by measuring the detected signal in the 
cathode circuit of the tube. The signal is caused by the slight nonlinearity 
of the tube operating even with small signals. The equipment is set up as 
shown in Fig. 15-21. A modulated r-f signal is used for the input. The 
signal is passed through the stage in question, and a sensitive voltmeter is 
connected to the cathode of the following stage. (A standing-wave-de- 
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tector amplifier is useful for the a-c millivoltmeter, because it may be tuned 
to the modulation frequency.) The detected signal is usually proportional 
to the square of the input voltage; hence the measuring stage either must 
be calibrated by connecting the attenuator output directly to the last grid 
or must be used only to obtain a reference reading; e.g., the frequency re- 
sponse of the interstage is given by recording the attenuator readings re- 
quired to produce a constant output as frequency is varied. 

15-6 Amplifier Transient-response Measurement. The basic 
equipment necessary for a measurement of the transient response is shown 
in Fig. 15-22. Here the input is the test waveform, which is usually either a 
step (simulated by a square wave) or an impulse (short pulse). The output 
of the generator is reduced by an attenuator which must have constant 


Test generator + v + : 


or pulse) 


Fig. 15-22 Measurement setup for determining transient response. 


attenuation and a constant time delay throughout the passband of the 
amplifier. The test signal is amplified by the amplifier being measured 
and displayed on a wideband oscilloscope. The measurement in principle 
is very simple; the usual troubles are associated with undesired output- 
input coupling (see the previous section) and imperfections in the test 
equipment. 

The square-wave test signal is the most widely used because it is easiest 
to interpret and because the attainment of a sufficiently short pulse for 
impulse testing is often difficult. For measurement of rise time the square- 
wave frequency is unimportant as long as the frequency is not so high that 
the amplifier output never reaches its 100 per cent value. The rise time 
and flat top of the input square wave are very important. The rise time 
should be short and free of overshoot compared with the amplifier. To 
preserve these characteristics, the output cables from the generator must 
be correctly terminated to eliminate reflections. 

The oscilloscope must have a short rise time and freedom from overshoot, 
also. A convenient check is to connect the oscilloscope directly to the out- 
put of the attenuator and measure the over-all rise time T, and overshoot. 
(The attenuation is, of course, reduced to give sufficient signal.) The 
overshoot should be negligible for accurate measurements. 

The rise time measured at the output of the amplifier, 7',, is related 
approximately to the amplifier rise time T’4 by (see Sec. 4-10) 


=VT,-T/ (15-13) 
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where 7 is the rise time of the generator plus oscilloscope. It is very im- 
portant to test the amplifier for overloading in making transient measure- 
ments because the overloaded amplifier still has a square-wave output. A 
simple test is to see whether or not a 6-db change in attenuation produces a 
2:1 change in output. Look also for changes in the overshoot, if any. 

Sometimes measurement on one or two stages of an amplifier is desired. 
A so-called “low-capacitance probe” is not usually effective because its 
capacitance is an appreciable fraction of the total interstage capacitance. 
The method shown in Fig. 15-20 may be adapted to video amplifiers to 
make internal measurements. 

Many square-wave and pulse generators are constructed with inadequate 
shielding, which may give rise to spurious outputs. One sign of trouble is a 


f\ f a 
Y Y Post amplifier ia Power measuring 
(B,) device 


Fig. 15-23 Setup for measuring noise factor. 
waveform synchronized to the square wave even when the attenuation is 
increased to remove the square wave. Such interference may be reduced 
by changing system grounds. Occasionally, one may have to install line 
filtering in the offending generator. 

The sag in an amplifier may be measured by decreasing the square-wave 
frequency until enough sag is present to be readily measured on the oscillo- 
scope. Again, it is important that the amplifier be operating linearly. 

15-7 Measurement of Noise Factor.!. The measurement of amplifier 
noise factor is complicated by the need for accurately calibrated signals at 
very low power levels. For example, the thermal noise generated in a re- 
sistor at room temperature and in a 1-Me bandwidth is about 4 X 1071° 
watt of available power. To measure the noise factor, an accurately cali- 
brated source of about this magnitude must be available. Also, needless to 
say, all interfering and extraneous signals must be reduced to a level con- 
siderably below this at the input of the amplifier. This means that unusual 
care must be taken in shielding the input leads (and output leads if the out- 
put is at the same frequency as the input). 

The arrangement for making the noise-factor measurement is shown in 
Fig. 15-23. Here a calibrated signal generator which provides the proper 
source impedance for the amplifier is connected to the input of the ampli- 
fier. For the measurement shown, the output of the amplifier is connected 
to a postamplifier which has sufficient gain to bring the noise signal up to a 


Amplifier stage(s) 
under test 
(B,) 


Calibrated 
signal 
generator 


1 ¥or further background information, see IRE Standards on Methods of Measuring 
Noise in Linear Twoports, 1959, Proc. IRE, vol. 48, pp. 60-68, January, 1960; also 
Terman and Pettit, op. cit., pp. 353-379. 
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level measurable by the power-measuring device. The latter must truly 
measure h-f power and is usually a bolometer or thermocouple. For a first 
example, assume that the bandwidth of the postamplifier is much smaller 
than the bandwidth of the amplifier being measured. The power output 
of the system is then measured with the signal generator connected but the 
signal output turned to zero. The power read is 


P, = FAkT Bo (15-14) 


where F is the average noise factor of the amplifier under test in the fre- 
quency band Bg, A is the transducer gain of the two amplifiers, and kT 9B 
is the available noise power from the signal generator in the band Bo. 
[Compare with Eq. (14-3), which can be rewritten to give the actual rather 
than the available power output.] 

The signal from the signal generator is now increased until a new and 
higher reading Pe is obtained at the output. Since the signal and noise are 
uncorrelated, the new power is given by 


P, = FAkT)B: + AP, (15-15) 


where P, is the available signal power from the signal generator. The gain, 
which is relatively difficult to measure accurately and maintain constant, 
may be eliminated from Eqs. (15-14) and (15-15), giving an equation for F 
containing only externally measurable quantities. 


7 1 P, 
P2/P, — 1 kT Be 

The temperature of the source must be the standard temperature, 290°IX 

according to the standards for measuring noise factor. The ratio of Po/P, 


should be reasonably large for accuracy, but, because of amplifier overload 
problems, the ratio is commonly made 2, in which case F becomes 


P, P, 
F= for — 
kT Be P, 


F (15-16a) 


=2 (15-16) 


If Bg is much less than B,, as assumed, so that F is constant in the band 
Be, the noise factor measured is the single frequency or spot noise factor at 
the center frequency of By. If this corresponds to the center frequency of 
B,, then the measured value is essentially the F calculated in Chap. 13. 
The integrated noise factor is given by the equation 


/ F)A(f) af 
pee ae 
(15-17) 


[0 df 
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where F(f) and A(f) are the spot noise factor and transducer gain at the 
frequency f. The integrated noise factor can be measured by the same 
technique as before except that By, must be much larger than B;. If no 
postamplifier is used, the noise factor measured will also be the integrated 
noise factor because the detector responds to noise generated throughout 
the bandwidth of the amplifier. The integrated noise factor may also be 
found by measuring F(f) and A(f) and performing the indicated integration 
graphically. 


Thoriated tungsten or 
tungsten filament 
diode — 

e.g., 5722 


V,,(~100-200 v) 


Fig. 15-24 Schematic diagram of a typical diode noise generator. 


One difficulty with the preceding method is the necessity of measuring 
the noise bandwidth, although the 3-db bandwidth is a good approximation 
for a multistage amplifier (see Sec. 14-5). The necessity for measuring the 
bandwidth may be removed by using a signal source with an available 
power distributed uniformly over the bandwidth of the amplifier. Such 
a signal source may be obtained by connecting a suitable diode across a 
resistance to provide the proper value of source resistance for the ampli- 
fier. A typical diode unit is shown in Fig. 15-24. From Eq. (13-3), the 
mean-square value of the noise current in the plate of a temperature- 
limited diode is 


in? = QqTaeB (13-8) 


Therefore the available power from the generator of Fig. 15-24 is (on the 
assumption that the r, of the diode is much larger than R,) 


qlacBRs 


P, ; 


(15-18) 


If the diode noise source is used in place of the calibrated signal generator, 
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the noise factor becomes 


r 1 qlacks 
 Py/P; — 1 2kTy 
1 
= 20las —— for Ty = 290°K (15-19) 
8 PIP ed 


The powers P, and Pz are the output power without the diode being turned 
on and the output power with the diode on. Although the bandwidth of 
the system does not appear in the equation, the bandwidth of the second 


Diode 0 0 9 
noise deg >| | Attenuator Fill: A 
generator 


Fig. 15-25 Setup for measuring noise factor with a random-noise source and without a 
power meter. 


Output indicator 


amplifier enters into determining whether the spot or integrated noise 
factor is measured, as discussed before. 

The accuracy of the diode noise generator is excellent if care is taken to 
ensure that no spurious signals enter through power-supply leads and if the 
diode is operated below the frequency at which self-resonances in the leads 
and transit time become important. In the type 5722 diode shown in Fig. 
15-24, lead resonances begin to become important in the 100- to 200-Mc 
region if operated at the 50-ohm impedance level. Special coaxial diodes 
are available which permit operation up to the 1,000-Mc region when 
transit-time corrections are made. Other random-noise sources which 
may be considered for particular applications are heated resistors and 
gaseous-discharge tubes. The latter are particularly useful in the micro- 
wave region. 

The random-noise generator not only has the advantage of eliminating 
the necessity of a bandwidth measurement but can also eliminate the need 
for a true power-measuring device. This is an advantage because the sta- 
bility and convenience of most power-measuring devices leave something 
to be desired. The procedure in using the setup shown in Fig. 15-25 is to 
obtain a reference reading with the noise diode current off on the d-c meter 
which reads the average value of the detected output signal. The diode 
generator is then turned on and the attenuator setting increased by 3 db. 
The d-c plate current of the noise diode is adjusted (by adjusting the heater 
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current) so that the reference reading is again obtained. This procedure 
makes Pz = 2P,, so that the noise factor is 


F = 20lacRs 


The fact that the signal applied to the detector has the same character for 
both power measurements allows use of an output indicator which does 
not respond proportionally to power. The linearity of the output meter is 
unimportant also, since only repeatability of readings is required. 


PROBLEMS 


15-1. Assume that a given 0.01-yf ceramic capacitor comprises an ideal inductanceless 
capacitor in series with the lead inductance. Find the series resonant frequency of the 
capacitor and its leads if they are of 14-in. No. 20 copper wire. (Use the inductance 
calculated for a straight wire.') 

15-2. A single-layer solenoid inductor is calculated and carefully wound to give a 
certain inductance. The inductor is then measured at a single high frequency and found 
to have too much inductance. Explain why this could occur even though the calculations 
and measurement are both correct. 

15-3. The resistance of a deposited carbon resistor does not change rapidly with 
frequency, but if such a resistor is measured on a series substitution bridge (i.e., measured 
in terms of series R and X), the measured resistance is found to vary considerably with 
frequency. Assume that the resistor may be represented by a parallel combination of 
Rp and a small capacitance Cp, and derive an equation giving the R, and C, which will 
be measured by a series substitution bridge at a given frequency. If the measured re- 
sistor is to be used in a single-tuned interstage, show how the measured values of R, and 
C; relate to the interstage-element values. 

15-4. In an effort to prevent r-f energy from reaching the input stages of a 300-Mc 
amplifier, Mr. Jones installs the lowpass filter of Fig. P15-4 in the supply leads to the 
input stages of his amplifier. He calculates that it will supply more than adequate 
filtering at 300 Mc, but when he installs it, he discovers that the attenuation is much less 
than he hoped. 


Fig. P15-4 


Calculate the attenuation (Vi/V2 expressed in decibels) for the filter as shown. Then 
calculate the approximate attenuation if measurement shows that the self-resonant 
frequencies of the inductors and capacitor are 100 Mc and 30 Me, respectively. (Hint: 
Replace each inductor by a capacitor which has the equivalent reactance at 300 Mc. 
The capacitor can be similarly replaced by an inductor.) Advise Mr. Jones of changes to 
improve his filter. (These must be physically realizable changes; i.e., don’t tell him to 
buy a capacitor with no inductance!) 


1 For example, see F. E. Terman, “Radio Engineers’ Handbook,” McGraw-Hill Book 
Company, Inc., New York, 1943. 
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15-5. The value of gm is needed to compare some amplifier calculations with the 
measured performance. Design a test jig for measuring the low-frequency value of gm 
if a tube bridge is not obtainable. You have available an audio oscillator, an a-c milli- 
voltmeter, and any necessary precision resistors. 

15-6. The parameter ho; is defined as [o/I1 for V2 = 0. In the test setup of Fig. 15-9 
Vz is not quite zero because of the necessary presence of the 100-ohm resistor required to 
measure [g. Compute the error in the measured ho, caused by the 100 ohms if the tran- 
sistor actually has the parameters of the typical unit in Table 2-1. 

15-7. Devise a pair of jigs similar to those of Figs. 15-9 and 15-10 which would be 
suitable for measuring the y parameters of a transistor in the common-emitter connection. 
Include suitable values for the measuring resistors, and provide means of biasing. Use 
the typical transistor parameters of Table 2-1 to find typical values of the voltages which 
must be measured in each parameter measurement. 

15-8. Devise a measurement jig similar to that of Fig. 15-12 to measure fy. Give 
suitable values for all the elements of the jig. Referring to Fig. 2-20, find a correction 
factor to apply to the cutoff frequency measured in the preceding jig. The correction fac- 
tor is necessary because the collector current consists of two components: (1) the desired 
component due to the current generator a/e, and (2) an undesired component due to 
the collector capacitance. (The current through 7; is usually small enough to be neg- 
lected.) 

15-9. The gain of two amplifiers is to be measured with the setup of Fig. 15-17 except 
that the resistor Ro at the input of the attenuator is omitted. Calculate the amplifier 
voltage gain for the following four cases. Assume in each case that the voltmeter reads 
the same at the input of the attenuator and the output of the amplifier. 

a. The amplifiers terminate the attenuator in Ro. The attenuator reads 8 db in one 
case and 63 db in the other. 

b. The amplifiers terminate the attenuator in an open circuit. The two attenuator 
readings are as in (a). 

(You will probably have to refer to a handbook for attenuator data.) 

15-10. The transducer gain of an amplifier of unknown input impedance is to be 
measured as shown in Fig. 15-17. The attenuator has Ro = 50 ohms. The amplifier is 
designed to be run from a 500-ohm source and into a resistance of 1,500 ohms. Show by 
a sketch how you would arrange to make the measurement, and compute the amplifier 
gain if the attenuator reads 88 db for equal input and output voltages. 

15-11. The noise factor of an amplifier to be used from a 250-ohm source is to be 
measured with the setup of Fig. 15-23. The signal generator is calibrated in its open- 
circuit terminal voltage, and it has an internal impedance of 10 ohms. To make the 
amplifier have the correct source impedace, a 240-ohm resistor is connected between the 
generator and amplifier input. The following data are available; find the noise factor. 


Amplifier under test is made up of two staggered single-tuned triples with an over-all 
3-db bandwidth of 8 Me. 

Postamplifier is made up of two synchronously tuned single-tuned stages with an over-all 
3-db bandwidth of 0.5 Mc. 

Power output with signal generator disconnected = 3 mw. 

Power output with signal generator connected but turned off = 1 mw. 

Power output is 5 mw with the signal generator on and set to 4.5 pv. 
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Adjacent channel selectivity, 174 

a (alpha), 16 

a’, 12, 14 

Alpha-cutoff frequency, 26 

Analogy, network, 181-191 
boundary conditions, 197 
conduction, 184-188, 191 
electrostatic, 182-184, 191 
membrane, 188-191 
use of conformal mapping, 191-194 

Approximation, gain magnitude, 

202-215 
equal-ripple, 193-194, 211-215 
maximally flat, 203-207 
linear phase, 190, 215-218 
with membrane analogy, 190 

Asymptotic approximations, gain and 
phase, 41-46 

Attenuator, 309 

Autotransformer, 254 


Band edge (see Cutoff) 
Bandpass-lowpass transformation, 
207-211, 250, 258 
Bandwidth, 3 
effect of regeneration, 311 
measurement (see Gain) 
noise, 287 
Bandwidth ratio (see Selectivity ratio) 


Bandwidth shrinkage, double-tuned, 249 
single-tuned, 171 
Bandwidth switching, 260 
Base resistance, 14, 16 
measurement, 305-307 
B, 19 
measurement, 301 
Beta-cutoff frequency, 34 
Biasing, transistor, 60 
vacuum-tube, 58 
Butterworth response (see Maximally 
flat response) 


Capacitance measurement, 295-298 
Cascaded stages, double-tuned, 249 
maximally flat, 230 
RC stages, 109 
rise time of, 107 
stagger-peaked, 117 
video, 107-118 
Cascode amplifier, 288-291 
Cathode bias, effect on gain, 64 
Cathode follower, 52, 106 
Cathode lead inductance, effect of, 22, 24 
Cathode peaking, 140-142 
Chebyshev (see Equal-ripple response) 
Collector capacitance, 28 
measurement, 304 
Collector resistance, 15-16 
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Common-base amplifier, at high fre- 
quencies, 75-78 
midband properties, 53 
Common-collector amplifier, midband 
properties, 56 
Common-emitter amplifier, at high fre- 
quencies, 78-81 
midband properties, 55 
Conformal mapping, 191-194 
Critical damping, double-tuned, 178 
Critically damped transistor stage, 
96-107 
Cutoff, high-frequency, transistor, com- 
mon-base, 75-78 
common-emitter, 78-81 
tube, 49 
low-frequency, transistor, 67-69 
tube, 41-63 
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Decibel, 3 
Decoupling circuit, 143 
Delay time, 5, 110 
multiple stages, 113 
Distributed amplifier, 147-163 
basic theory, 148 
comparison with cascaded stages, 
158-162 
optimum stage arrangement, 150, 158 
Double-tuned stages, 241-256 
bandwidth shrinkage, 249 
cascaded stages, 249 
gain-bandwidth factor, Qi = Qe, 247 
Qi = ~, 248 
wideband, 250-252 


Emitter diffusion capacitance, 28 
Emitier follower (see Common-collector 
amplifier) 
Emitter resistance, 14, 16 
Equal-ripple response, 193-195, 211-215 
double-tuned, 249, 251-252 
gain-bandwidth factor, 233 
table, 234 
stagger-tuned, 229 


Equivalent circuit, noise, 267, 268, 271 
transistor, high-frequency, common- 
base, 29 
hybrid-pi, 32 
with Miller capacitance, 78 
T, 29 
measurement, 301-307 
T, 16, 18, 29 
and A parameter relationships, 
21, 303 
tube, high-frequency, 20 
low-frequency, 10 
measurement, 299-301 
Equivalent noise resistance, tube, 266 
measurement, 300 
table, 275 


Feedback, 257-262 
Figure of merit, peaking, 91, 99 
Frequency, band-edge, 3 
cutoff, 3 
Frequency response, approximate plot- 
ting, 41-49 
definition, 1 
fe 35, 303, 304 


Gain, definitions, actual power, 1 
available, 1, 283 
insertion, 1 
transducer, 1 
voltage, 1 
measurement, 307-313 
midband, transistor, 53-58 
vacuum-tube, 53 
Gain-bandwidth factor, definition, 173 
double-tuned, capacitance-coupled, 
204 
Qi = Qe, 247 
Qu = 0, 248 
stagger-damped, 250 
feedback pair, 261 
single-tuned stages, equal-ripple, 234 
maximally flat, 231 
chart, 237 
table, 233 
synchronously tuned, 173 


Gain-bandwidth product, common-base 
stage, 77 
common-emitter stage, 80 
pentode, 75 
single-tuned stage, 169 
transistor (f1), 35 
measurement, 303, 304 
tube, 235 
table, 88 
Gain/rise time, tube, 88 
Gaussian gain function, rise time, 111n., 
122 
Geometric interpretation, 46 
Grounded-grid amplifier, 52, 281 (Prob. 
13-4) 
Grounded-plate amplifier (cathode fol- 
lower), 52, 106 


h parameters, definition, 8 
measurement, 301-304, 307 
High-frequency response, transistor, 
75-81 
common-base, 75 
common-emitter, 78 
vacuum tube, 49, 75 
Hybrid parameters (see h parameters) 
Hybrid-pi equivalent circuit, deriva- 
tion, 32 
measurement, 303-307 
Hyperbolic transformation, 193-195 


Ico, effect of, 60 
Image impedance, constant-k, 148, 153 
m-derived, 155 
Image poles, 195 
Image zeros, 196 
Impulse response, definition, 6 
relation to step response, 6, 110 
Inductance measurement, 298 
Input admittance, tube, effect of screen 
lead inductance, 25 
measurement, 299 
variation of, 23-24 
Input capacitance, tube, hot, 236 
Input impedance, transistor, common- 


base, 31, 54 
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Input impedance, common-collector, 56 
common-emitter, 55 

Interelectrode capacitances, tube, 88 

Interstages, video, four-terminal, 94-96 
series-peaked, 96-102 
shunt-peaked, 90-94, 103-106, 

115-118 
Intrinsic transistor, 14 
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Linear phase, maximally flat delay, 215 
transmission-line approximation, 156 
video network, 93, 94, 115 
Logarithmic transformation, 192 
Low-frequency compensation, 143 
Low-frequency response, of cascaded 
stages, 73, 87 (Prob. 3-12) 
effect on, of cathode impedance, 64 

of coupling circuit, 40 
of decoupling circuit, 69 
of emitter circuit, 67 
of screen circuit, 70 

Lowpass-to-bandpass transformation 
(see Wideband transformation) 


Maximally flat gain function, 203-207 
Maximally flat response, double-tuned 
circuit, 241-251 
stagger-tuned circuit, 222-229 
cascaded stages, 230 
gain-bandwidth factor, 231 
video, 92n., 131 (Prob. 4-8) 
Miller capacitance, 37, 78 
Miller effect, transistor, 106 
#, transistor, 13 
vacuum tube, 11 
Multiple stages (see Cascaded stages) 


Narrow-band approximation, 179 
double-tuned, 243-250 
single-tuned, 170, 222 
Noise, input stage, transistor, 276-280 
tube, 271-276, 288-291 
1/f, 280 
resistor, 264 
shot, 265 
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Noise, transistor, 268-271 
tube, 266 
table, 275 
Noise diode, 316 
Noise equivalent circuit, transistor, 268, 
271 
tube, 267 
Noise factor, cascaded networks, 285- 
287 
definition, 273-284 
integrated, 315 
measurement, 314-318 
transistor, 278, 282 (Prob. 13-7) 
tube, 273, 281 (Prob. 13-4) 
Noise temperature, 287 


INDEX 


Optimum gain for maximum bandwidth, 
173 

Optimum source impedance, noise, 274, 
279 

Output stage, tube, figure of merit for, 
119 

video, 118 
Overshoot, definition, 5 


Paired echoes, 124-127 
Phase distortion, effect on transient 
response, 122-129 
Phase equalization, 123 
Phase response, 4 
approximate plotting, 43 
Phase velocity, constant-k, 149, 153 
Pole-zero diagram, double-tuned, 
capacitive coupling, 253 
inductive coupling, 243-251 
equal-ripple, 214 
linear phase, 217-218 
series-peaking, 98 
shunt-peaking, 93, 117 
single-tuned, 178, 179, 222-223 
maximally flat, 205-207, 223 
wideband, 210 
Poles, gain function, 47 
image, 195 


Poles-zeros, limitations on placement, 
180-191 


Random-noise sources, 317 
Regeneration, tests for, 311 
Resistance, measurement, 295 
noise (see Equivalent noise resistance; 
Noise) 
Rise time, definition, 5 
of ideal amplifier, 121 
measurement, 313 
minimum, 113 
relation to bandwidth, 121 
Rise times, combination of, 109, 117 


Sag, 133-145 
combination of causes, 135, 138-140 
compensation, 143-145 
coupling circuit, 134 
table, 138 
definition, 5 
measurement, 314 
Selectivity function, 171 
Selectivity ratio, definition, 173-174 
double-tuned, 254 
feedback pair, 262 
maximally flat, graph for, 238 
stagger-tuned stages, 237-238 
for synchronously tuned stages, 174 
Series peaking, transistor, 96 
tube, 90n. 
Shot noise, 265 
Shunt peaking, 90-94, 103-106, 115-118 
Single-tuned circuit, approximation 
with, 202 
bandwidth, 169 
bandwidth shrinkage, 171 
gain-bandwidth product, 169 
narrow-band, 179 
pole-zero diagram, 178 
single-stage, 167-170, 177 
Skirt selectivity, 173 
Stability factor, bias, 62-63 
Stagger damping, 249-250 


Stagger tuning, single-tuned, 211-240 
maximally flat, 222-229 

Staggered peaking, video, 115 

Step response, 4, 87-145 

Stray capacitance, measurement, 297 


T-equivalent circuit, conversion, from 
h parameters, 303 
to h parameters, 21 
measurement, 302-303 
variation of parameters, with Iz, 17 
with Vox, 18 
(See also Equivalent circuit, tran- 
sistor 
Terminating sections, 156 
Transconductance, 11 
Transformation, bandpass-lowpass, 
207-211, 250, 258 
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Transit time effects, 24, 26 
Transmission line, artificial, 151-158 
constant-k, 153-154 
m-derived, 154 
Two-port parameters, 7 
(See also h parameters) 


Wideband transformation, double- 
tuned, 250 
single-tuned, 207-211, 258 


y parameters, definition, 8 


z parameters, definition, 8 
Zeros, gain function, 47 
image, 196 


